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Abstract 
New diagnostic technologies for the detection of plant pathogens with high multiplexing ability and 
point-of-care (POC) capability are an essential tool in the fight to reduce the large agricultural 
production losses caused by plant diseases. The main desirable characteristics for such diagnostic 
assays are high specificity, sensitivity, reproducibility, quickness, cost efficiency and high-
throughput multiplex detection capability. The aim of this project is to develop new methods 
combining nucleic acid amplification, multiplexing and point-of-care application for the detection 
of plant pathogens.  
 
Isothermal amplification methods, such as recombinase polymerase amplification (RPA) which 
operates at low constant temperature are especially suited for POC applications. However, the 
development of a rapid and simplified detection method for the isothermal amplification products in 
resource-poor settings is still challenging. A new method to visualize the success of the 
amplification step, and therefore the presence of pathogen DNA in a sample, was developed based 
on bridging flocculation. This method requires minimal equipment and can be assessed by the 
naked eye allowing its use in POC settings. The method was initially applied to the rapid and 
sensitive detection of several important plant pathogens and subsequently extended to animal and 
human pathogens to demonstrate the wide applications of the approach. A nanoparticle based 
electrochemical biosensor was also developed for rapid and sensitive detection of amplified plant 
pathogen DNA on screen-printed carbon electrodes. Gold nanoparticles were employed as a probe 
for electrochemical assessment by differential pulse voltammetry (DPV). This method was 10,000 
times more sensitive than conventional polymerase chain reaction (PCR)/gel electrophoresis and 
could readily identify P. syringae infected plant samples even before the disease symptoms were 
visible.       
 
To allow multiplex detection of plant pathogen, a novel method that can screen for thousands of 
plant pathogens with high specificity and sensitivity using molecular inversion probes (MIPs) was 
been developed. As proof of concept, a MIP targeting a unique DNA sequence present in the 
F.oxysporum f.sp. conglutinans (Foc) genome was designed. The specificity, sensitivity and 
detection limit of the assay were assessed and used to detect the presence of pathogen in infected 
Arabidopsis thaliana samples. This methodology successfully detected as little as 2.5 ng of 
pathogen DNA and it was highly specific, being able to accurately differentiate Fusarium 
oxysporum f.sp. conglutinans from other fungal pathogens such as Botrytis cinerea and even 
pathogens of the same species such as Fusarium oxysporum f.sp. lycopersici. Finally, a diagnostic 
platform for POC plant pathogen detection using a combination of surface-enhanced Raman 
ii 
 
scattering (SERS) and RPA was developed for rapid multiplex detection.  The RPA-SERS method 
was faster, more sensitive than polymerase chain reaction and could detect as little as 2 copies of B. 
cinerea DNA. Furthermore, multiplex detection of Fusarium oxysporum f.sp. conglutinans,  f.sp. 
lycopersici and Botrytis cinerea was demonstrated in vivo in Arabidopsis thaliana and tomato. The 
assay was subsequently simplified into a single tube assay and tested outside of a laboratory setting 
to detect pathogens in tomato plants. 
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1.1   Plant pathogen detection 
Agriculture contributes $1500 billion US dollars (USD) to the world economy annually.
1
  However, 
an estimated $220 billion USD worth of agricultural product is lost every year due to crop disease 
outbreaks, especially in developing countries
1
 making crop health a critically important issue in 
agricultural based countries. In the absence of resistant varieties, the ideal management strategy is 
to detect pathogens in an early infection stage in order to prevent the spread of the disease. Hence, 
the effectiveness of crop disease management is highly dependent on the speed, sensitivity and 
specificity of the diagnostic methods. It is therefore important to develop more efficient 
technologies to detect crop diseases and effectively link them to decision bodies in order to 
efficiently deploy the necessary responses and safeguard agricultural systems. 
 
1.2   Existing plant pathogen detection methods 
1.2.1   Traditional detection and identification methods 
Many methods have been developed to identify plant pathogens.
2
 The earliest conventional methods 
use symptoms observation, involving field inspections to identify disease symptoms as well as 
laboratory tests such as pathogen culture on selective media followed by physiological, biochemical 
and pathogenicity tests.
3
 For a long time, Koch’s postulates4 have been used as an effective way to 
identify unknown plant pathogens in diseased samples.
1
 Koch’s postulates use four criteria to 
establish the causal agent of a plant disease: (1) the pathogen must be present in all cases of the 
disease; (2) the pathogen must be isolated form the sick plant and grown in pure culture; (3) The 
pathogen from the pure culture must be re-inoculated into a healthy plant causing the same disease 
symptoms and (4) the pathogen must be re-isolated from the newly inoculated plant and proven to 
be the same than the original one.
5
 Although conventional methods are reliable, they are time 
consuming and require experienced plant pathologists to identify the pathogen responsible for the 
disease. These reasons made it desirable to develop detection methods with higher sensitivity, 
specificity and speed for plant pathogen identification.     
 
1.2.2 Antibody-based detection 
Antibody technology has been well established in plant pathogen diagnostic since the 1980s and 
many reviews on this technology have been published.
6,7
 Antibody-based diagnostic methods for 
plant pathogen detection has become a popular and powerful tool because of their speed, sensitivity 
and inexpensive nature. However, polyclonal antibodies (PAbs) against plant pathogens produced 
by animal immunization may show cross-reactivity with unrelated pathogenic species due to the 
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limited specificity of PAbs.
8
 With the development of monoclonal antibodies (MAbs), specificity 
was improved since they target a single epitope in a pathogen protein.
9
 Hence, various antibody-
based diagnostic methods such as enzyme-linked immunosorbent assays (ELISAs)
10,11
, 
immunoblot
12
, immunofluorescent test
13
 and lateral flow devices (LFD)
14
 have been developed and 
widely used to identify plant pathogens. However, MAb are expensive to produce and it has been 
reported that the closely related species may share common epitopes and cause MAbs to react 
positively.
15,16
 
 
1.2.3 DNA-based detection 
The discovery of the polymerase chain reaction (PCR) in the 1980s enabled scientists to explore 
and develop DNA-based approaches for plant pathogen detection. As a result many PCR-based 
diagnostic methods for the identification of plant pathogens have been reported.
17,18
 Furthermore, 
the amplification of pathogen-specific sequences and the coupling of PCR with other techniques 
have been described in order to improve specificity and sensitivity.
19-21
 For example highly specific 
immunocapture-PCR (IC-PCR) has been used for viral detection which combines the conventional 
PCR amplification with antibody-captured viral particles. This approach increased sensitivity by 
250-fold compared to direct PCR amplification
22
 which enabled the successful detection of the 
bacterial blight disease in anthurium propagation material (X. axonopodis pv. dieffenbachiae).
23
 
 
A combination of conventional PCR and enzyme-linked immunosorbent assay (ELISA) termed 
PCR-ELISA was developed in the early 1990s.
24
 The assay involves hybridizing the labelled PCR 
product to an immobilized probe on an ELISA plate followed by the addition of an enzyme 
conjugate and a substrate to analyze the captured PCR product using a photometric measurement. 
This assay enabled the detection of a single amplicon population among several others that were 
generated in a multiplex reaction.
25
 This technique has been reported to successfully detect 
viruses
26
, bacteria
27
 and fungi
28,29
 with higher specificity than conventional PCR. However, despite 
its high specificity, the assay generated false positive results while detecting Neisseria 
meningitidis
30
 and Mycobacterium tuberculosis
31,32
 because the PCR amplified DNA was found to 
hybridize with the ELISA probe from other species.  
 
An important improvement in DNA-based diagnostic methods came with the development of real-
time quantitative PCR which allowed not only to detect the presence of pathogens but also to 
quantify pathogen levels in tissue samples thus allowing to determine the severity of the pathogen 
infection.
33
 A drawback of this technology is the requirements of expensive equipment and reagents 
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which limits its use as a rapid cost-effective diagnostic method.  In addition, the high sensitivity of 
the assay has the inherent risk of contamination resulting in the detection of false positives creating 
the need for normalization steps or pre-read runs to guarantee accuracy of results.
34,35
  
 
Although PCR based assays have improved the sensitivity and have been used for multiplex 
pathogen detection,
36-38
 the assays are still prone to non-specific DNA amplification resulting in 
false positive results while performing multiplex detection on unknown pathogens in diseased 
plants tissues.
39,40
 
 
1.3   Point-of-care testing for plant pathogens 
Nucleic acid POC bioassays that can be performed on-site with minimal equipment, rapidly and at 
low cost are in high demand.
41
 PCR based methods have multiple advantages over other 
technologies but require a thermal cycler to achieve DNA amplification and hence are not suitable 
for field or on-site applications.
42
 Nonetheless, recent developments in isothermal DNA 
amplification methods may potentially overcome this limitation.
43,44
 For instance, isothermal 
amplification methods combined with lateral flow strips and portable fluorometers have been 
developed to enable POC detection of pathogenic DNA.
45-51
 Such readout methods whilst 
convenient are still dependent on the use of relatively sophisticated equipment and may still present 
financial and technical obstacles for worldwide adoption. A field-ready comprehensive assay 
incorporating the complete process from on-site sample preparation to results display is still elusive. 
Agriculture is one area that can benefit from the use of low cost on-site assays as crop field 
locations can be far away from analytical laboratory setups and sample transport can pose logistical 
problems.  
 
1.4   Point-of-care DNA extraction methods 
An effective POC DNA extraction method is essential to develop rapid and user friendly molecular 
diagnostic assays but on-field sampling is rarely discussed when describing DNA-based diagnostic 
methods. This non-trivial task of consistently generating a fixed DNA input and good quality DNA 
has repercussions on any assays' performance. When dealing with plant tissues, the DNA extraction 
method requires the ability to efficiently remove chemicals that can inhibit the DNA amplification 
reaction.
52
  
 
A LFD DNA extraction method has been reported as rapid and efficient for POC testing and has 
been successfully used in plant pathogen detection.
53,54
 This method involves sample disruption in 
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extraction buffer using metal ball bearings before transferring the lysate onto the release pad of a 
LFD nitrocellulose membrane. A small piece of membrane is then excised and added into the DNA 
amplification reaction such as PCR or other isothermal amplification methods. The isolated DNA is 
very stable on the membrane at room temperature which allows the extraction to be performed in 
the field.
53
 
 
Another DNA extraction method with potential POC application use Solid Phase Reversible 
Immobilization (SPRI).
55
 A low cost DNA/RNA purification process using common filtered pipette 
tips in conjunction with SPRItechnology
56
 to consistently extract DNA/RNA to a precise 
concentration that can be used immediately for downstream isothermal amplification has been 
reported.
55
 Magnetic SPRI bead-based extraction is ideal for POC applications because the only 
equipment required are a magnet and micropipette. After macerating a single leaf disc with a plastic 
pestle in lysis buffer, the plant lysate was cleared of cellular debris by passing the lysate through a 
filtered pipette tip. DNA was then purified from the lysate using SPRI and the extracted DNA was 
directly used in the amplification reaction. This DNA extraction method has been used on various 
diagnostic applications including human and plant diseases.
55,57
 
 
1.5   Application of nucleic acid isothermal amplification techniques in plant 
diseases detection 
Enzyme mediated in vitro amplification of nucleic acid has become an essential tool in molecular 
biology since 1980’s.58 PCR is one of the most widely used methods for the detection and 
identification of pathogens by targeting specific sequences in their genomic DNA. Although PCR is 
highly sensitive and robust, it is constrained by a number of technical limitations. For instance the 
specificity of the assay is highly dependent on the primers used and its inherent sensitivity makes it 
prone to false positives due to cross-contamination of samples. Besides, PCR also requires 
electrically powered equipment to thermally regulate the reaction which limits its use for point-of-
care diagnostics especially in resource poor countries. A number of alternative isothermal 
techniques are now available that can obviate the need for a thermal cycle although each has 
strengths and weaknesses.  
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1.5.1   LAMP 
Loop-mediated isothermal amplification (LAMP) is a nucleic acid amplification method developed 
in 2000.
47
 It has been widely used due to its high efficiency, specificity, simplicity and quickness. 
LAMP requires two long outer primers and two short inner primers that recognize six specific 
sequences of the target DNA. The first inner primer containing sense and antisense sequences of the 
target DNA hybridizes to the targeted sequence and initiate DNA synthesis (Fig 1.1). Next, the 
outer primer carries out the strand-displacement DNA synthesis and produces a single stranded 
DNA which works as a template for the second inner and outer primers producing a DNA molecule 
with a loop structure. The unremitting cycling reaction accumulates products with repeated 
sequences of target DNA in different sizes.    
 
LAMP has three major advantages. Firstly, it can be carried out at a constant temperature with a 
short reaction time. This rapid isothermal process makes it ideal for point-of-care detection of plant 
pathogens in the field
59
 and has been used to detect the plum pox virus in 2.5 hrs.
60
 Secondly, it has 
very high amplification efficiency and sensitivity as it generates large amounts of PCR product with 
low amounts of input DNA.
61,62
 Finally, this method is relatively cost effective as it requires simple 
equipment (isothermal) to perform the assay. Furthermore, there have been reports stating that 
LAMP generates PCR amplicons with several inverted repeats which could be potentially used to 
increase the sensitivity in hybridization assays, such as LAMP-ELISA hybridization
63
 and LAMP 
incorporated with colorimetric gold nanoparticle hybridization probes.
64
  
 
Although LAMP is an ideal isothermal method for on field POC plant pathogen detection, it does 
possess certain limitations. Firstly, the design of the LAMP primers is complicated and non-
intuitive, making it difficult for newcomers. Even though there is available software for LAMP 
primer design, optimal primers performance is not guaranteed as it is usually the case for PCR. In 
addition, LAMP PCR amplicons contain a mixture of stem-loop DNA molecules of different sizes 
which are not suitable for gene cloning purposes or to identify specific targets based on size 
differences. However the size limitation was overcome by Nagamine et al. who developed a 
modified LAMP method that generates uniform and single stranded DNA amplicons through TspRI 
digestion and then the products were extended using the primer to produce the strand-specific DNA 
fragments.
65
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Source: Tomita et al. 200866 
 
Figure 1.1: Schematic outline of loop-mediated isothermal amplification (LAMP). A: LAMP 
involves two sets of primers to target six distinct regions. B: The inner primer containing sense and 
antisense sequences of the target DNA hybridizes to the targeted sequence and initiates DNA 
synthesis. The outer primer carries out the strand-displacement DNA synthesis and produces a 
single stranded DNA which works as a template for second inner and outer primers for DNA 
synthesis that hybridize to the other end of the target to form a DNA loop structure. C: From the 
double stem-loop structure, the inner primer binds to the loop and synthesizes a new strand. The 
extension of the primer opens the loop at the 5' end and again the outer primer strand displaces the 
newly form longer DNA to produce ssDNA to form a DNA loop. LAMP produces loop structure 
DNA in various sizes.   
A B 
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Since LAMP has a potential for POC diagnostic purposes, several simple read-out methods have 
been combined with LAMP to replace the traditional gel electrophoresis analysis in order to detect 
the presence of amplicons. The simplest and cheapest methods use metal-ion indicators such as 
hydroxynaphthol blue (HNB) or SYBR green as DNA dyes to visualize the final products.
67,68
 By 
adding color indicators into the LAMP reaction prior to amplification, the products can be detected 
by the naked eye using a simple colorimetric assay. Using this read-out method, it was possible to 
detect as low as 10 copies of target DNA.
68
 The colorimetric readout has been successfully used to 
detect potato leafroll virus and Fusarium oxysporum with naked-eyes.
69,70
  
 
Alternatively LAMP has also been combined with ELISA by incorporating antigen-labeled 
nucleotides into the LAMP amplicons during the amplification process. The generated amplicons 
are then hybridized to specific immobilized oligo nucleotide probes which are later analyzed by 
immunoassay. The main advantage of LAMP-ELISA is its ability to process hundreds of samples 
simultaneously within a few hrs.
63,71
 The combination of LAMP with ELISA provides very high 
sensitivity with a single copy of the DNA target being successfully detected.
63
 However, this 
technique requires skilled labour as it involves complicated ELISA steps.   
 
Following the use of optical and colorimetric readout systems, electrochemical sensors that capable 
of detecting signal changes caused by the electron transfer in double stranded DNA were also used 
to detect the presence of amplified DNA.
72
 The integration of LAMP with the electrochemical 
sensor offered a robust platform for pathogen detection as it was highly sensitive, detecting as low 
as 10 copies of pathogen genomic DNA.
73
 The applications of LAMP-biosensor technology are 
increasing in the range from clinical molecular diagnostics to environmental monitoring, but its 
application is still fairly new in plant pathogen detection. Therefore, LAMP-biosensor technology 
has a strong potential for on field testing, detection and identification of plant diseases. 
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1.5.2   HDA 
Helicase dependent amplification (HDA) is an alternative isothermal technique developed by  New 
England Biolabs in 2004.
46
 This isothermal technique is very similar to the standard PCR but it 
does not require heat denaturation to separate the double stranded DNA and allow primers to anneal 
to its complementary target sequences. HDA uses DNA helicase to generate single stranded DNA 
for primer annealing followed by primer extension at isothermal conditions (Fig 1.2).  Single 
stranded binding protein (SSB) and MutL endonuclease are added to the reaction to prevent the re-
hybridization of complementary ssDNA to reform the dsDNA. Detectable amounts of PCR 
amplicons for downstream analysis are generally generated within 60 min by the HDA method.
46
 
 
 
 
Figure 1.2:  Schematic outline of helicase dependent amplification (HDA). A: Helicase opens the 
dsDNA. B: The primers anneal to the target sequences. C: Primer extension by DNA polymerase. 
The newly formed dsDNAs are opened by helicase and the process starts again.   
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HDA has become a popular isothermal technique due to its simple reaction steps. Although it 
amplifies the target sequences using a pair of primers using the same principle as PCR, the kinetics 
involved are much simpler as it does not need multiple temperature regulated steps. Although 
LAMP has the same isothermal feature as HDA, it requires 4 intricately designed long primers 
which need an initial heat denaturation step before amplification at lower temperature.
65
 HDA has 
been successfully used to detect pathogen genomic DNA present in a crude mixture of human blood 
sample with high sensitivity.
46
 Although the characteristics of the HDA seem perfect for the 
development of simple point of care diagnostic assays, the main drawback is that it requires 
complex optimization to ensure a coordinated enzyme activity between the helicase and DNA 
polymerase.   
 
Additionally, the presence of SSB and MutL, which are essential to prevent ssDNA from re-
hybridizing to form dsDNA potentially affect the final results significantly.
46
 Furthermore, there are 
some reports stating that HDA is inefficient when amplifying long targets,
74
 probably due to the 
fact that the UvrD helicase has limited unwinding speed (20bp/s) and process less than 100bp per 
binding.
75
 MutL is able to enhance the UvrD unwinding activity but not increase the processing 
rate.
76
 A significant improvement has been made with the discovery of a thermostable UvrD 
helicase (Tte-UvrD) suitable for amplification at a higher temperature.
77
 The benefit of using Tte-
UvrD is to allow the HDA to be performed at a higher temperature, decreasing the re-annealing of 
single stranded DNA and therefore obviating the need for SSB and MutL. 
 
Currently, HDA is commonly used in human clinical applications such as the diagnosis of 
Salmonella paratyphi
78
 and diarrhea-causing pathogens,
79,80
 as well as veterinary applications such 
as detection of Streptococcus equi causing strangles in horses.
81
 However, its application to plant 
pathogen detection still limited and has only been used to identify citrus leprosis virus C & tobacco 
mosaic virus
82
. In order to improve the sensitivity, HDA has been combined with other technologies 
such as ELISA
83
 and gold nanoparticles
84
 to detect Helicobacter pylori. The results of both HDA-
ELISA and HDA-nanoparticles showed a 90% increase in sensitivity and specificity compared to 
the original HDA assay.  
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1.5.3   RCA 
The principle of isothermal amplification has been also used to amplify circular DNA in a process 
known as rolling circle amplification (RCA).
85
 RCA involves using a DNA polymerase with strand 
displacement activity (such as ɸ29 DNA polymerase) to extend a single primer annealed to a 
circular DNA template. The strand displacement activity allows the newly synthesized DNA to 
displace the previously generated DNA releasing ssDNA.
86
 This enzymatic process of primer 
extension combined with strand displacement generates a long single stranded DNA containing a 
repeated sequence complementary to the circular template (Fig 1.3).  
 
 
 
Figure 1.3: Schematic outline of rolling circle amplification (RCA). A: A primer complementary to 
a region of a circular probe anneals to the circular template. B: DNA polymerase initiates the DNA 
synthesis. C: Strand displacement allows the continuation of DNA synthesis along the circular 
template. D: DNA synthesis continues to generate a long ssDNA product. 
 
RCA offers the simplest available isothermal reaction mechanism. With additional manipulation, 
linear DNA is also suitable as a template for the RCA reaction. A linear ssDNA probe can be 
designed in such a way that it can be initially hybridized to the target sequence forming a loop and 
ligated to form a circular probe prior to performing RCA (Fig 1.4). This process termed as the 
padlock probe assay has been used in the detection of many plant diseases.
87-89
 High multiplexity 
and specificity of padlock probes followed by RCA also increases the popularity of its application 
in multiplex detection of plant pathogens. In addition, RCA has been reported to have higher 
specificity and be less prone to nonspecific amplification than PCR. Another advantage of the RCA 
method is that it allows to amplify the circular probe sequence at up to 0.5 megabases
90
 and 
generates 10
9
 or more copies of each circle in 90 min.
91
 Generating multiple copies of repetitive 
sequences offer an advantage in hybridization based readouts where the repetitive sequences can be 
easily captured to increase the sensitivity.
92-94
 Furthermore, RCA is resistant, or at least less prone 
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to carry-over contamination of the amplification products because there is no new 3´-end ssDNA 
product generated throughout the RCA process, which could be a potential primer for non-specific 
amplification.
95
  
 
 
Figure 1.4: Padlock probe assay with RCA. A: Linear ssDNA probes contain two binding sites at 
both 3´ and 5´ ends to target the specific sequences. B: Denaturation of dsDNA target sequence and 
hybridization of ssDNA probe towards the target region forming a loop. C: After the ligation to 
form a circular probe, RCA primer binds to the primer target region and starts the RCA. 
 
RCA has been widely used for plant pathogen detection since early 2000s. Several techniques have 
been used in combination with RCA such as restriction fragment length polymorphism (RFLP) and 
direct sequencing to identify and classify plant pathogen efficiently with significantly lower effort 
and cost than conventional technologies.
96
 Visualization of RCA products using naked eye by 
adding fluorescent dye has been used to detect more than 40 strains of Fusarium spp.
97
 Ligation of 
padlock probes followed RCA has also been developed for identification of fungal pathogens.
98
 
Incorporating RCA with a variety of readout technologies such as microarrays, DNA biosensors 
and immune assays has significantly improved the sensitivity when compared to the commonly 
used gel electrophoresis.
92-94,99,100
 Although these read out methods seem as an ideal alternative for 
RCA based assays, but they are expensive and involve complicated steps compared to simple 
monitoring a color change using naked eye. 
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1.5.4   RPA 
Recombinase polymerase amplification (RPA) is another isothermal technique that, like HDA, does 
not require an initial heating step to denature the target DNA
45
 as it relies on an enzymatic activity 
to separate the dsDNA in order to assist primer binding to the target sequences. The reaction begins 
with the integration of a recombinase protein with the primers prior to their annealing to specific 
sequences in the target. Following the primer annealing, the recombinase dissociates from the 
primers and leaves their 3’ end accessible to the DNA polymerase to initiate the amplification. This 
creates a d-loop which will be stabilized by a single stranded binding protein (SSB) to keep the 
DNA open as the DNA polymerase with strand displacement activity continues the amplification 
(Fig 1.5). Using RPA, billions of DNA copies can be generated efficiently in 60 min with an 
incubation temperature between 37 °C to 42 °C.
45
 
 
The low incubation temperature and short reaction time (15 – 30 min) make RPA an ideal assay for 
use in point-of-care diagnostic applications. Furthermore, primer design is simple without 
consideration of annealing temperature as primers form a complex with the recombinase to target 
the homologous sequences. RPA is a highly sensitive tool in amplifying target sequences where the 
detection limit is as low as 6.25 fg of genomic DNA input with specificity >95 %.
101
  
   
However, as with all the other discussed technologies, RPA has some drawbacks and RPA can only 
amplify small DNA fragments (<500 bp) and is therefore not suitable in cases where amplification 
of full length genes is required. In addition, the longer primers (30 – 35 nt) required for RPA are 
prone to generating non-specific amplification at low temperature. Furthermore, the primers used in 
the RPA reaction frequently generate high background noise on negative and non-template control 
samples due to the formation of primer dimers thus affecting the sensitivity of the assay.  
 
Many reports describing clinical applications of the RPA have been recently published.
101-103
 In 
plants, a number of RPA-based applications have been described to detect plant pathogens with 
high sensitivity, specificity and cost effectiveness. A combination of reverse transcriptase RPA 
(RT-RPA) and lateral flow has successfully detected little cherry virus from crude extracts samples 
being more cost effective than RT-PCR and more suitable for resource limited settings.
104
 RT-RPA 
has also been used to detect plum pox virus and proven to have a higher sensitivity than 
conventional ELISA and immunostrip.
105
 RPA-ELISA has been developed for the sensitive, 
specific and cost effective identification of plant pathogens.
106
 A naked eye assay which 
incorporates RPA with bridging flocculation of magnetic beads has been recently developed for 
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efficient POC detection of plant and human pathogens.
55
 Given that RPA is a fairly new isothermal 
technique, there is still more exploration to be done for point-of-care detection of plant pathogens. 
 
 
Figure 1.5: Schematic outline of the recombinase polymerase amplification (RPA). A: 
Recombinase integrates with primers to form recombinase-primer complexes and target specific 
DNA sequences. B: Strand exchange occurs and single stranded binding proteins (SSB) bind to the 
DNA to form a D-loop. C: DNA polymerase initiates DNA amplification. D: Displaced D-loop 
stabilized by SSB as amplification continues. E: Two dsDNA molecules form and the entire cycle 
starts again.   
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1.6   Multiplex detection of plant pathogens 
Development of technologies with multiplex detection capability is another challenge in plant 
disease diagnostics as they are more cost effective, reduce assay time and require minimal amount 
of sample. High throughput multiplex detection has been successfully achieved using real-time 
PCR on an OpenArray
TM
 platform.
107
 microsphere immunoassay technology
108
 and microarrays
87
. 
However, simpler but efficient multiplex detection methods capable to identify multiple pathogens 
simultaneously are still needed.  
    
Molecular inversion probes (MIPs) enable cost effective multiplex diagnostics and has been often 
used in clinical applications. A MIP is a long single stranded probe in excess of >100 nt long with 
two binding domains at the 5' and 3' ends (B1 and B2 in Fig 1.6). The binding domains are designed 
to be complementary to the target region of interest (Fig 1.6). This enables the MIP to form a 
circular loop with a single stranded gap in between the two binding regions. After annealing of the 
MIP, a DNA polymerase without 5'-3' exonuclease and strand displacement activities initiates DNA 
synthesis from the 3' end of the gap in a gap-fill reaction. DNA ligase is then used to ligate the 
newly synthesized strand and generate a circular DNA molecule. To ensure the sensitivity of the 
assay, an exonuclease digestion step is performed to remove the linear probes. The ligated MIPs are 
then amplified in PCR reaction using a universal primer set targeted P1 and P2.  
 
The highly multiplexable nature of MIP probes, which are able to distinguish thousands of targets 
in a single reaction is a major advantage of this assay. The binding domains at the 3' and 5' ends are 
connected by a DNA backbone; this design feature physically restricts the binding domains to a 
small region of the genome that needs to contain both recognition sequences, dramatically 
increasing the specificity of the MIP assays. In addition, the noise signal of the assay is decreased 
by enzymatically degrading the unligated linear MIPs by the exonuclease digestion with up to 99% 
efficiency. MIPs have been designed to detect up to 330 000 targets in a single reaction.
109
 The MIP 
multiplexing capability has been demonstrated in various clinical studies such as high-throughput 
analysis of single nucleotide polymorphisms, DNA methylation, detection of genomic copy number 
changes and other genotyping applications.
109-111
 However, applications for plant diagnostics are 
still limited with the first report describing the successful detection of Fusarium oxysporum f.sp. 
conglutinans in infected Arabidopsis thaliana with a detection limit of 2.5 ng.
112
 In order to 
improve the efficiency of MIP assays, the MIPgen software has been developed for the design and 
performance prediction of individual MIPs.
113
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              Source: Stefen et al. 2016114 
 
Figure 1.6: Schematic outline of MIP assay. MIP consists of two binding sites at 3’ and 5’ ends 
(B1 and B2) which are complementary to target sequences, and two universal primer sites (P1 and 
P2). B1 and B2 hybridize to specific sequences on the target with single stranded gap between two 
binding regions.  B1 and B2 bind to specific sequences on the target DNA creating single stranded 
gap between the binding domains of the MIP. A DNA polymerase that lacks exonuclease and strand 
displacement activities synthesizes DNA from 3’ end of the MIP to 5’ end until the single stranded 
gap is filled. A DNA ligase ligates the 3' end the 5’ end of the MIP creating a circular DNA. 
Exonucleases I and III digest the linear MIPs and the DNA target in the reaction mixture leaving the 
circularized MIPs for amplification. A pair of universal primers (P1 and P2) amplifies the 
circularised MIP using the universal primer binding domains to generate PCR amplicons. 
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Serious limitations of these assays are the requirement for several temperature settings throughout 
the assay and a tedious yet complicated experimental process that makes it unsuitable for POC 
testing. Besides, the assay is time consuming taking in excess of 10 hrs to complete a reaction, 
making MIP assays only suitable for applications in the laboratory. MIPs with lengths of >100 bp 
require HPLC purification which increases the cost of oligonucleotide synthesis. Achieving a high 
level of multiplex detection involving thousands of MIPs in a single reaction requires a large initial 
investment. In addition, multiplex detection using MIP assays needs a complex read-out platform 
such as next generation sequencing, microarrays or biosensors,
115-117
 further increasing the cost of 
the assay. 
 
1.7   Conclusions 
In this chapter, some of the commonly used nucleic acid-based methods for plant pathogen 
detection were discussed. Although the vast majority of applications in PCR-based, numerous 
research reports have established that the existing isothermal techniques have been proven to 
perform as well as or even better than PCR-based assays. Each of the isothermal and non-
isothermal technologies discussed above has inherent advantages and limitations. However, the 
final decision on the best technology to adopt will depend on the specific problem; i.e. the nature of 
the pathogen, the crop being monitored and the technological capability of the country. The ability 
to perform reactions at a constant temperature makes the isothermal techniques a favorable 
candidate for a point-of-care diagnostic assay suitable for a low resource setting. The main 
advantage of using POC diagnostic testing for crop diseases is to provide rapid results in situ and 
enable farmers to make immediate management decisions to minimize crop loses. An additional 
advantage of POC diagnostic testing is the reduction in logistic problem associated with sample 
transportation to centralized laboratories for disease analysis and the concomitant labor costs. In 
addition, POC diagnostic kits should be portable and user friendly allowing a single operator with 
no scientific skills to carry out the test.  
 
Among the available isothermal techniques, LAMP and RCA are the best candidates for 
hybridization based applications because the repeated sequences present in the amplification 
products are able to increase the sensitivity of detection.
73,92,94
 However, both techniques produce 
isothermal amplification products in various sizes and are therefore not suitable for applications 
where a specific DNA fragment size is needed for identification. The HDA and RPA isothermal 
techniques do not require a heat denaturation step and as a result can be performed directly at a 
constant temperature which is a big advantage for on field applications. Nevertheless, HDA and 
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RPA are limited to targets shorter than 100bp and 500bp, respectively. Furthermore, despite the 
sensitivity and specificity of these isothermal techniques, they are not highly multiplexable limiting 
their application to the detection of a single, or at best a limited number of pathogens in a single 
assay.  
 
Micro-Total Analysis System (µTAS) has been developed to simplify POC rapid detection of 
nucleic acids. Initial efforts had been focused in the use of PCR but the advent of isothermal 
amplification has changed the focus and simplified the process aiming to miniaturize the 
amplification reaction and couple it with sample preparation and detection of results in a single 
miniaturized portable device.
118
 These systems require only a small volume of reagents, enzymes 
and primers making the detection process more cost effective. Furthermore, pre-stored reagents in 
chips along with fewer manual steps significantly reduce the sources of contamination from human 
error. However, µTAS devices using isothermal technologies for plant pathogen detection are still 
in an early developmental stage.     
 
In conclusion, traditional laboratory methods involve time consuming culture steps for pathogen 
identification by experienced plant pathologists.
3
 The advent of antibody-based methods offered 
multiple advantages over traditional techniques but several studies have reported high error rates 
due to cross reactivity.
119
 The limitations of antibody-based methods are further conpounded by 
their short shelf life and variable performance between batches.
120
 Therefore, DNA-based 
diagnostic methods, with potentially better specificity, have therefore been proposed to overcome 
the limitations of antibody-based diagnostics.
17,18,121,122
 Polymerase chain reaction (PCR) is the 
most widely used nucleic acid technique for identifying plant pathogens.
39,40
 However, it requires 
temperature cycling which limits its application in the field. Hence to address the limitations of 
PCR, isothermal amplification systems have since been developed. In this study, several diagnostic 
methods with better sensitivity, specificity as well as capability in point-of-care applications were 
developed by incorporating isothermal amplification systems with other technologies as rapid 
readout methods to analyse the DNA amplification products.   
Chapter 1: Literature review 
 
19 
 
1.8   Aim and objectives of this study 
The aim of this study was to develop new diagnostic methods for multiplex and on-site detection of 
plant pathogens. 
 
Specific objectives were: 
 
1. To investigate the use of Solid Phase Reversible Immobilization (SPRI) beads in plant 
pathogen genomic DNA extraction. (Chapter 2 and 3) 
 
2. To establish a RPA assay for on-site detection of plant pathogens. (Chapter 2 and 3) 
 
3. To develop a sensitive and specific POC detection method using electrochemical sensor. 
(Chapter 2) 
 
4. To develop a novel quantitative read-out method for isothermal products using bridging 
flocculation of SPRI beads. (Chapter 3) 
 
5. To develop a MIP assay and validate the assay parameters using plant pathogens. (Chapter 4) 
 
6. To develop a multiplexable POC detection method for the detection of plant pathogens 
using surface enhanced Raman scattering (SERS) technology. (Chapter 5) 
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Chapter 2 
Specific and Sensitive Recombinase 
Polymerase Amplification Electrochemical 
Biosensor for Plant Pathogen DNA Detection 
with Colloidal Gold Nanoparticles as Probes 
 
 
 
 
 
 
 
Full article: Lau, H.Y., Wu, H., Wee, E.J.H., Wang, Y., Botella, J.R. and Trau, M. Specific and 
Sensitive Recombinase Polymerase Amplification Electrochemical Biosensor for Plant Pathogen 
DNA Detection with Colloidal Gold Nanoparticles as Probes. Analytical and Bioanalytical 
Chemistry. Submitted (2016)   
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2.1   Introduction 
Plant diseases are one of the major causes of economic losses for the agricultural industry with 
losses estimated to exceed USD150 billion annually worldwide.
1
 Many disease management 
strategies have been implemented to control crop losses globally and, in the absence of resistant 
varieties, early disease detection is paramount to avoid losses and reduce the spread of the disease 
to neighboring farms. Therefore, rapid, sensitive and specific diagnostic methods for plant pathogen 
detection are crucial in facilitating effective disease management practices. 
 
Traditionally, experienced plant pathologists diagnose diseases by observing typical disease 
symptoms and identify the pathogen by culturing in specialized media.
3
 This method is mostly 
accurate but it is time consuming and therefore not suitable for rapid disease management practices. 
Immunoassays have hence been widely used for plant pathogen detection since 1980s to address the 
limitations of symptomatic diagnosis. However, antibody based methods are prone to have cross 
reactivity with closely related pathogen species having similar epitopes for antibody recognition.
119
 
In addition, antibodies tend to have short shelf life and are prone to variations between production 
batches.
120
 DNA-based molecular diagnostic methods have been proposed to increase the reliability, 
sensitivity and specificity of plant pathogen detection. The polymerase chain reaction (PCR) is 
currently the most popular and reliable molecular technique used in plant pathogen diagnostic 
assays.
17,18
 As an alternative to PCR, recombinase polymerase amplification (RPA) using DNA 
repair enzymes to replace high temperature heating in DNA denaturation
45
 achieves rapid DNA 
amplification at low constant temperature (37°C - 42°C) and PCR-like sensitivity, making it 
uniquely suited for point-of-care (POC) applications. While it is evident that RPA has high 
potential in POC diagnostics,
57,123-125
 there is still a need to develop simpler rapid DNA-based 
diagnostic assay for plant pathogen detection in the field comprising all steps, from DNA isolation 
to visualization of the amplification results. 
 
All molecular-based electrochemical sensors are claimed to be highly specific to recognize their 
target analytes. Electrochemical sensors provide a suitable platform to detect the electronic signal 
which triggered by the binding event between the probe and target.
126
 A molecular recognition layer 
and a signal transducer that coupled with a readout device are the basic elements of an 
electrochemical sensor. DNA based electrochemical sensors are commonly used because of the 
high specificity from the base-pairing interactions between complementary sequences. Single-
stranded DNA probe is immobilized on the surface of recognition layer to provide the condition of 
Chapter 2: Recombinase polymerase amplification electrochemical biosensor  
 
22 
 
base-pairing interactions with the target DNA. These interactions generate an electronic signal and 
the signal is further amplified to a readable signal.  
 
Thus, electrochemical DNA biosensors have been widely used in disease diagnosis as they 
potentially offer high sensitivity, rapid analysis and portability at potentially lower cost than 
traditional technologies.
127
 For this reason, the use of screen printed electrodes has gained 
popularity in POC development platforms. Several DNA biosensors have been reported in previous 
studies which involve the labeling of PCR products with enzymes,
128
 redox active components 
129
 
or nanoparticles
130,131
 to enhance the electrochemical signal. One of the nanoparticle-base strategies, 
gold nanoparticles (AuNPs) are the most widely used and have gained significant attention recently 
as an electrochemical label. This is because they provide a large surface area for chemical reactions 
and have outstanding surface immobilization advantages which can enhance the efficiency of the 
electrochemistry detection assay.
132-134
 Therefore, AuNPs-based DNA biosensors can provide a 
promising platform for the development of rapid, sensitive, specific and portable diagnostic tools 
for detection of DNA targets.
135-137
 
 
Herein, a rapid and highly sensitive diagnostic method coupling RPA with AuNPs as 
electrochemical probes to detect the presence of plant pathogen DNA by differential pulse 
voltammetry (DPV) on disposable screen printed carbon electrodes (SPCE) was described. 
Simultaneously, the performance of the assay was compared with conventional PCR and agarose 
gel electrophoresis. Pseudomonas syringae was used as a model system in this study because it 
infects wide variety of crops and is an economically important plant pathogen.
138
 This assay is 
believed to have wide applications to detect other DNA targets in agriculture and human 
diagnostics.  
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2.2   Experimental section 
2.2.1  Reagents and materials 
Plant and pathogen materials  
Arabidopsis thaliana ecotype Columbia (Col-0) was obtained from the Arabidopsis Biological 
Resource Center (ABRC; Ohio State University). Pseudomonas syringae DC3000 (Psy) was 
obtained from the Department of Agriculture, Fisheries and Forestry, Queensland, Australia. 
 
Materials and Chemical reagents 
KAPA2G Robust HotStart PCR kit was purchased from KAPA Biosystems (Cat#KK5516). 
Streptavidin coated magnetic beads were obtained from New England Biolabs (Cat#S1420S). 
Oligonucleotides were synthesized by Integrated DNA Technologies. TCEP (tris(2-
carboxyethyl)phosphine), PBS (Phosphate-buffered saline) and Tween 20 (Polysorbate 20) were 
from Sigma-Aldrich. Screen-printed carbon electrodes (SPCE, DS 110) were purchased from 
Dropsens.  
 
Instrumentations 
Bio-Rad thermo cycler (MJ Mini Personal Thermal Cycler) and 254 nm transilluminator (Vision-
capt version 14.2) were used for PCR amplification and PCR products visualization. DPV 
responses were measured on a workstation potentiostat (CH Instruments). 
 
2.2.2  Methods 
DNA sample preparation 
The Pseudomonas syringae infected Arabidopsis plants were prepared according to literature.
139,140
 
P. syringae pv tomato strain DC3000 was cultured on King’s B plate at room temperature for 
overnight. The culture plate was washed with 10 mM MgCl2 to resuspend the bacteria. Six weeks 
old Arabidopsis thaliana seedlings were sprayed with 2 to 5 X 10
8
 cfu/mL of P. syringae 
suspension in 10 mM MgCl2 and 0.03 % Silwet L-77. The infected leaves with symptoms were 
collected after 7 days inoculation. The infected leaves were rinsed with 80 % ethanol to remove the 
existing pathogen on the surface before DNA extraction. The total genomic DNA were extracted 
from infected (D) and healthy (H) leaves using solid-phase reversible immobilization (SPRI) beads 
as published in Wee et al. 2015
55
 and briefly described below.   
 
Plant genomic DNA was extracted from a single Arabidopsis leaf (~300 mg) using an optimized 
lysis buffer (50 mM Tris-HCl pH 8.0, 1.5 M guanidium-HCl, 2% w/v PVP40 and 1% v/v Triton-X). 
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RNase A (400 ng) was added to the lysis buffer. Plant tissue was macerated in a 1.5 mL tube with a 
disposable plastic pestle in the presence of 200 µL of lysis buffer. After 10 min incubation at room 
temperature, the lysate was cleared using a homemade filtration device made from a common 
filtered pipette tip. Using this approach further enhanced the potential for low resource applications. 
Nucleic acids were then purified using a modified SPRI protocol.
56,141
 Briefly, a single drop (~10 
μL) of the cleared lysate was incubated with 1.8 volumes of 1 micron carboxylic acid coated 
magnetic beads (Thermo Fisher, Cat# 4515-2105-050250) in a binding buffer (10 mM Tris-HCl pH 
8.0, 20% PEG8000, 2.5 M NaCl) for 5 min. DNA bound beads were then separated from the lysate 
with a magnet and washed twice with 100 % isopropanol, two 80 % ethanol washes and eluted in 
one drop of water (~10 μL). All chemicals were purchased from Sigma Aldrich unless stated 
otherwise. 
 
Preparation of AuNPs-DNA probe 
AuNPs with the diameter of 16 nm were synthesized by the citrate reduction of HAuCl4 according 
to the summarized below.
142
 A volume of 100 mL 1 mM chloroauric acid (HAuCl4) was heated to 
boil and then added with 10 mL of 1 % 38.8 mM sodium citrate (Na3C6H5O7). The mixture was 
heated for another 10 min and stirred for 30 min. DNA probe was designed as the capture 
oligonucleotides to target the specific sequence as described in table 2.1. The DNA probe was 
modified with thiol-group (-SH) for the purpose of immobilization on the surface of gold 
nanoparticles. To prepare the AuNPs-DNA probe, 100 µL of TCEP and DNA probe mixture was 
prepared by adding 50 µL of 10 mM TCEP into 50 µL of 100 µM DNA probe and then incubated at 
room temperature for 2 hrs. The mixture was then mixed with 1 mL of freshly prepared AuNPs 
solution and continuously shaken overnight at room temperature. After that, the mixture was 
centrifuged at 17500 x g and 4 °C for 25 min, and then the supernatant was removed. The AuNPs 
were resuspended in 200 µL of 0.1 M PBS. 
 
Polymerase chain reaction (PCR) 
Amplification of DNA targets were performed in a 25 µL reaction containing 1ng of genomic DNA, 
1 unit of KAPA Hotstart DNA polymerase, 1X KAPA Taq hotstart buffer (contains of the buffer 
was not disclosed by manufacturer), 25 µM MgCl2, 0.2 mM each dNTP and 0.25 µM for each 
forward and reverse primers (Table 2.1). The forward primer containing a 10 nt barcode at 5' end 
which complementary to the DNA probe and the reverse primer was labeled with biotin. PCR 
reaction was carried out in a Bio-Rad thermo cycler using the following conditions: denaturation at 
95 °C for 5 min followed by 30 cycles of 95 °C for 30 s, 58 °C for 30 s and 72 °C for 30 s and final 
elongation at 72 °C for 1 min. The products were validated by agarose gel electrophoresis using 1.5% 
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agarose gels containing GelRedTM 1X staining solution in sodium borate buffer. Then the gel was 
visualized under a 254 nm transilluminator.   
 
Table 2.1: Sequences of oligonucleotides involved in this study 
 
Recombinase polymerase amplification (RPA) 
The TwistAmp Basic RPA Kit (TwistDX) was used as recommended by the manufacturer with 
some modifications. The RPA reaction was performed in the total volume of 12.5 µL at 37 °C for 
20 min using 1 μL of the nucleic acid extracted and 480 nM of primer set (Table 2.1). Finally 2.5 
μL of the RPA reaction was verified by agarose gel electrophoresis. 10 μL of RPA product was 
used in the electrochemistry detection. 
 
Electrochemical bioassay 
Electrochemical bioassay for plant pathogens detection involved first incubation of the amplified 
target, AuNPs-DNA probes and the streptavidin beads. Briefly, 5 µL of AuNPs/DNA probe was 
mixed with 10 µL of PCR/RPA product and topped up to 20 µL in final volume using distilled 
water. The mixture was then incubated at 37 °C for 20 min. Next, 5 µL of streptavidin coated 
magnetic beads were added into the solution  and was further incubated at room temperature for 10 
min. Beads were then captured by a magnetic plate, and the supernatant was removed. The beads 
were washed 3x with 50 µl of PBST buffer (1 mM PBS, 0.01% Tween20), and resuspended in 10 
µL of 10 mM PBS buffer (137 mM NaCl, 2.7 mM KCl, 10  mM Na2HPO4, 2 mM KH2PO4), 
followed by 95 °C heating for 10 min. The solution was then transferred to the surface of working 
electrode on SPCE and air dried for electrochemical read-out. 
 
Electrochemistry detection 
The AuNPs dried on the working electrode was electrochemically activated by adding 100 µL of 
0.1 M HCl and pre-oxidized at a potential of 1.3 V for 30 s to oxidize Au
0
 to Au
3+
. Then the 
Target / 
GenBank 
Accession 
Pseudomonas syringae pv. tomato str. DC3000 
AE016853.1 
5'-Forward-3' TACACAGCAC(C3)TTTGTCCGAAACGACGTACAGCCATTTAACCTT 
5'-Reverse-3' Biotin-TTC TAC GTC GGG GTA TTT ACT AGC TGG AAA AG 
Capture 
probe 
GTGCTGTGTATTTTT-SH 
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reduction of this species was analyzed with differential pulse voltammetry (DPV) response. The 
electrochemistry response was taken from 0.45 V to ending potential of 0.20 V with the incremental 
potential of 0.004 V, amplitude potential of 0.05 V, and pulse period of 0.2 sec. 
 
2.3   Results and Discussion 
2.3.1  Assay design  
A flow diagram showing the main steps in the assay for plant pathogen DNA detection is illustrated 
in Fig 2.1. Total genomic DNA was extracted from plant samples using the solid phase reversible 
immobilization (SPRI) method.
143
 RPA was then used to amplify the target sequence using a biotin 
labeled reverse primer and a forward primer containing a 10 nt barcode covalently linked to the 5' 
end via a carbon spacer. After amplification, the resulting amplicons, containing a 10 nt overhang 
(barcode sequence) on one end and biotin on the other, were hybridized to AuNPs-DNA tags which 
carried probes complementary to the barcode sequence. Streptavidin magnetic beads were then used 
to enrich for AuNPs/DNA/biotin products. In order to prevent iron ion contamination from 
interfering the DPV signal, the magnetic beads were heat treated at 95 °C to denature the dsDNA 
amplicons and to release any bound AuNPs into solution where the electrochemical reduction of Au 
(III) to Au (0) was measured. The amount of released AuNPs is proportional to the amount of 
amplified target DNA which, in turn, denotes a successful RPA amplification and thus indicating 
the presence of the pathogen. 
 
Figure 2.1: Schematic illustration of the electrochemical bioassay for plant pathogen DNA 
detection. 
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2.3.2  Specificity study 
Specificity of a diagnostic method is essential in identifying a particular pathogen from other 
species to avoid false positive results. To this end, a P. syringae-specific RPA/electrochemistry 
assay was challenged with P. syringae and two unrelated pathogens: Botrytis cinerea and Fusarium 
oxysporum f.sp. conglutinans (Fig 2.2). As expected, P. syringae samples produced a strong DPV 
signal while no signal was detected from B. cinerea and F. oxysporum. Electrochemical results 
were verified using agarose gel electrophoresis where the expected 144 bp band was seen only in 
the P. syringae sample but not the controls. Similarly, the PCR-based assay could also accurately 
identify the P. syringae sample albeit producing a lower DPV signal (Fig 2.3). As only the 
pathogen-specific DPV peaks were observed, the assay was indeed specific and thus a viable 
system for plant pathogen detection.   
 
 
 
Figure 2.2: Specificity study for plant pathogen DNA detection via electrochemical assay after 
RPA amplification. (A) DPV curve and (B) Current-response to P. syringae (Psy), B. cinerea (Bot) 
and F. oxysporum f.sp. conglutinans (Foc) as well as a no template control (NTC). Error bars 
represent ±SD, n = 3. (C) Electrophoresis gel image of RPA products. 
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Figure 2.3: Specificity study for plant pathogen DNA detection via electrochemical assay after 
PCR amplification. (A) DPV curve and (B) Current-response to P. syringae (Psy), B. cinerea (Bot) 
and F. oxysporum f.sp. conglutinans (Foc) as well as a no template control (NTC). Error bars 
represent ±SD, n = 3. (C) Electrophoresis gel image of PCR products. 
 
2.3.3   Sensitivity studies 
To prevent diseases from spreading to neighboring plants, sensitive diagnostic assays are 
advantageous for early infection detection even before the symptoms are visible. Hence, to identify 
a suitable amplification method, the sensitivity of RPA was compared with PCR (Fig 2.4) using 
same amount of P.syringae genomic DNA and primers. It was found that RPA (15 copies) was 100 
times more sensitive than PCR (1500 copies) based on agarose gel electrophoresis, and thus RPA is 
a more sensitive yet convenient (by virtue of being an isothermal amplification) alternative 
compared to PCR. 
 
Next, the detection limit of the electrochemical assay in detection amplified DNA was determined 
by titrating RPA products and measuring the corresponding DPV signal (Fig 2.5). The data 
indicated that the electrochemical assay (214 pM) was 100 times more sensitive than agarose gel 
electrophoresis (21,400 pM). Together, the data thus suggested that the combination of RPA with 
an electrochemical readout could potentially result in a rapid, sensitive and convenient DNA 
detection platform. In addition, the relative standard deviation (RSD) of the RPA/electrochemistry 
assay was 10.7 % which indicated good assay reproducibility.  
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Figure 2.4: Electrophoresis gel image for the sensitivity comparison between RPA and PCR over a 
range of gDNA inputs. Titration of P.syringae gDNA from 1.54 x 10
5
 DNA copies number to 1.54 
x 10
1
 DNA copies number as well as a no template control (NTC).  
 
 
 
Figure 2.5: Sensitivity study for plant pathogen DNA detection via RPA/electrochemical assay. (A) 
DPV curve and (B) Current-response to different amounts of amplification products, the error bars 
represent ±SD, n = 3. (C) Electrophoresis gel image of the RPA products. 
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2.3.4  Electrochemical detection of infected A. thaliana 
Although the initial results with AuNPs-based DNA biosensor were very promising, we wondered 
if the approach could be applied to complex samples such as diseased plants. To this end, total 
genomic DNA was extracted from the leaves of a healthy plant and those infected with P. syringae 
at two different degrees of infection (Stage 1: before visible symptoms and stage 2: just symptoms 
become visible) (Fig 2.6). With this approach, P. syringae was successfully detected disease from 
as early as Stage 1; before symptoms were visible. The DPV signal obtained from Stage 2 sample 
was two times higher than Stage 1 sample and no signal was detected from the healthy sample. This 
demonstrated the assay had potential for early detection of pathogens in infected plant samples.        
 
 
 
Figure 2.6: RPA/electrochemistry detection on healthy and P. syringae infected A. thaliana plant 
tissue samples (Stage 1 and Stage 2). (A) DPV curve and (B) Current-response of healthy and 
infected samples. Error bars represent ±SD, n = 3. (C) Images of healthy and diseased A. thaliana 
leaves (Stage 1 and Stage 2) with the electrophoresis gel image of RPA products.  
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2.4  Conclusions 
In conclusion, a highly sensitive method for plant pathogen detection by combining RPA with 
nanoparticle-electrochemistry was successfully developed. The results indicated that the 
electrochemical assay was suitable to detect pathogens with high efficiency, specificity and 
sensitivity. The biosensor was trialed on P. syringae infected A. thaliana successfully and could 
potentially detected infections even before disease symptoms appear. This method was 10,000 times 
more sensitive than conventional PCR/gel electrophoresis and could readily identify P. syringae 
infected plant samples even before the disease symptom was visible. We believe that this method of 
coupling RPA with an electrochemical readout performed on disposable screen printed electrodes 
could form the basis of a rapid, sensitive and cost effective POC platform for nucleic acid detecting 
applications.  
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3.1  Introduction 
Nucleic acid point-of-care (POC) bioassays that can be performed on-site with minimal equipment, 
rapidly and cost effective are in high demand.
41
 Classical techniques and methods for detecting 
disease DNA/RNA biomarkers including the polymerase chain reaction (PCR) and ligase chain 
reaction (LCR).
42
 However, these methods require a thermal cycler to achieve rapid DNA detection 
and hence are not suitable for field or on-site applications. Nonetheless, recent developments in 
isothermal DNA amplification methods may potentially overcome this limitation.
43,44
 For instance, 
isothermal amplification methods combined with lateral flow strips and portable fluorometers have 
been developed to enable POC detection of pathogenic DNA.
45-51
 Such readout methods whilst 
convenient are still dependent on the use of relatively sophisticated equipment and may still present 
financial and technical obstacles for worldwide adoption. A field-ready comprehensive assay 
incorporating the complete process from on-site sample preparation to results display is still elusive. 
 
Agriculture is one area that can benefit from the use of low cost on-site assays. While being a major 
contributor the world economy, crop diseases are still a major concern in agriculturally reliant 
economies.
1
 Traditionally, an experienced plant pathologist identifies the disease by a subjective 
visual examination of disease symptoms.
3
 To address this, more analytical diagnostic methods have 
since been developed.
10,37,144-148
 However, these detection methods require expensive and 
sophisticated equipment and can only be performed in specialized laboratories by well-trained 
technicians. As early detection is the ideal method for controlling disease outbreaks, the current 
lack of on-site detection protocols delays deployment of disease control strategies result in huge 
crop losses. Similarly, early detection of livestock pathogens is essential to avoid the spread of 
diseases, especially in modern farms using intensive production methods. Therefore the challenge is 
to purpose-build a cheap, sensitive and reproducible disease diagnostic approach detailing sampling, 
detection/amplification and evaluation that can be applied in the field without sophisticated 
laboratory equipment and highly trained personnel especially in resource-poor situations.  
 
As the distinction between infected and healthy samples is binary, a readout method mirroring a 
digital yes/no result may be useful. Herein a method to economically visualize amplified disease-
specific DNA/RNA without equipment by utilizing bridging flocculation was described. In this 
report, a protocol for pathogen genetic material detection from a single drop of extract (hence the 
acronym SDG), in under 90 min with minimal equipment by bridging flocculation for diagnostic 
display was explained. Various plant pathogens were detected accurately in Arabidopsis thaliana 
and commercial crops such as bananas. Next, to demonstrate its efficacy in detecting a wide range 
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of pathogens in species from several kingdoms such as plant and cattle viruses, E.coli-laced water 
samples, HIV infected cells, malaria infected blood, influenza virus infected cells and 
mycobacterium tuberculosis (MTB) bacteria. This approach has major advantages over any other 
existing protocols: (1) it can be potentially being performed on-site; (2) requires only minimal 
equipment; 3) it is rapid (under 90 min); (4) it is cheap (< USD 2); (5) no refrigeration needed (kits 
can be stored at room temperature); and (6) it does not need highly trained personnel.  
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3.2  Experimental section 
3.2.1  Sampling inoculated plants 
Pathogen-inoculated Arabidopsis thaliana were sampled at various times after infection and scored 
(S1 to S5) based on their severity of symptom development.
149
 For Pseudomonas syringae, S1: 1 
day, S2: 2-3 days, S3: 4-5 days, S4: 6-7 days, S5: 8-9 days. For F. oxysporum f. sp. conglutinans, 
S1: 3-6 days, S2: 7-10 days, S3: 11-15 days, S4: 16-20 days, S5: 21-25 days. For Botrytis cinerea, 
S1: 2-4 days, S2: 5-7 days, S3: 8-10 days, S4: 11-13 days, S5: 14-16 days. 
 
3.2.2  Nucleic acid extraction 
Plant genomic DNA was extracted from a single Arabidopsis leaf (~300 mg) using an optimized 
lysis buffer (50 mM Tris-HCl pH 8.0, 1.5 M guanidium-HCl, 2 % w/v PVP40 and 1 % v/v Triton-
X) . For DNA applications, 400 ng/µL RNase A was added to the lysis buffer but not for RNA 
applications. Plant tissue was macerated in a 1.5 mL tube with a disposable plastic pestle in the 
presence of 200 µL of lysis buffer. After 10 min incubation at room temperature, the lysate was 
cleared using a homemade filtration device made from a common filtered pipette tip. Using this 
approach further enhanced the potential for low resource applications. For non-plant applications, 4 
volumes of lysis buffer without PVP40 were used with every volume of sample. Nucleic acids were 
then purified using a modified SPRI protocol where the 0.5 M EDTA pH 8.0 washing buffer was 
replaced with 100 % isopropanol and 80 % ethanol.
56,141
 Briefly, a single drop (~10 μL) of the 
cleared lysate was incubated with 1.8 volumes of 1 micron carboxylic acid coated magnetic beads 
(Thermo Fisher, Cat# 4515-2105-050250) in a binding buffer (10 mM Tris-HCl pH 8.0, 20% 
PEG8000, 2.5 M NaCl) for 5 min. DNA bound beads were then separated from the lysate with a 
magnet and washed twice with 100% isopropanol, two 80 % ethanol washes and eluted in one drop 
of water (~10 μL). All chemicals were purchased from Sigma Aldrich unless stated otherwise. 
 
3.2.3  Nucleic acid amplification 
The TwistAmp Basic RPA Kit (TwistDX, cat# TABAS01kit) was used as recommended by the 
manufacturer with some modifications. Briefly 12.5 μL reactions were performed at 37 °C for 30 
min using 1 μL of the nucleic acid extraction and 480-600 nM of each primer (Table 3.1). For RNA 
applications, 50 units of MMuLV reverse transcriptase (New England Biolabs, cat# M0253S) were 
added to the RPA reaction. Following amplification, 5 μL of the RPA reaction was verified by 
agarose gel electrophoresis.  
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Table 3.1: List of RPA primers used. GenBank Accession numbers are as given. All primers were 
purchased from Integrated DNA Technologies (IDT). 
Target/ GenBank 
Accession 
5'-Forward-3' 5'-Reverse-3' 
F.oxysporum f.sp. 
conglutinans 
AGNF01000001.1 
GCTCTTGATTTAGGTACAACTCTT
TCCCTCGTC 
ATATATCTGTATAGGAATCCCAC
TGAATTTTTC 
Botrytis cinerea 
ALOC01000004.1 
TTTCCACAGGGTTTGTGTACGAG
ATTGGTATTC 
TTCTCCGGTGTCCGTTCGCACTG
TAGACAATCG 
Pseudomonas syringae 
AE016853.1 
TTTGTCCGAAACGACGTACAGCC
ATTTAACCTT 
TTCTACGTCGGGGTATTTACTAG
CTGGAAAAG 
F.oxysporum cubense 
AMGP01000029.1 
ATTGAAGGACTCATACAAGGTTG
CATCAAAATA 
TTTCCTTTTGCAACTCCTACAGA
GTGTCTATAA 
Cucumber mosaic virus 
RNA3 Coat 
AJ585517.1 
AGTTAATCCTTTGCCGAAATTTG
ATTCTAC 
GTGCTCGATGTCAACATGAAGTA
CTAGCTC 
Bovine HPV TK1 
NC_001847.1 
GGAAGATCTGCTCATGCTCGCGG
CCGCCATGCC 
GAGCGCGTAAGCATTGCGCACA
GCGACCAGAAA 
Bovine HPV 
Glycoprotein B 
NC_001847.1 
AAGTGGCGCGAGGCGGACGAAA
TGCTGCGAGAC 
ACGTGCGTGCCGTTGTAGCGCTC
GCGGTAGACG 
E.coli uidA gene 
NC_017635.1 
CTGTGACGCACAGTTCATAGAGA
TAACCTTC 
AAAAGCAGTCTTACTTCCATGAT
TTCTTTAACT 
HIV 
M19921.2 
AAATTAACAATTACACAAGCTTA
ATACACTCC 
TATAGAAAGTACAGCAAAAACT
ATTCTTAAACC 
Plasmodium falsiparum 
MSP1 
XM_001352134.1 
TTGAAGGAAGTAAGAAAACAAT
TGATCAAAATA 
CTAAAACGCTTATTAAATTATGT
GCTTCTTCTA 
Tuberculosis CFP10 
CP003248.2 
ATTTTGGCGAGGAAGGTAAAGA
GAGAAAGTAGT 
GAGTTCCTGCTTCTGCTTATTGG
CTGCTTCTT 
Tuberculosis ESAT-6 
CP003248.2 
CAATCCAGGGAAATGTCACGTCC
ATTCATTCC 
CCTATGCGAACATCCCAGTGACG
TTGCCTTC 
Influenza A H1N1 
CY058490.1 
CCATTAATAAGACATGAGAACAG
AATGGTTC 
AAATTTTCAAGGAGATCATTTTT
CAGACCAGTG 
  
Chapter 3: Bridging flocculation assay  
 
37 
 
3.2.4  Bridging Flocculation Assay 
5 μL of amplified product was used in the flocculation assay by incubating with 1.5 - 1.8 volumes 
of SPRI bead solution for 5 min. After bead separation with a magnet and an 80 % ethanol wash, 30 
μL of flocculation buffer (100 mM sodium acetate, pH 4.4, 1 % v/v Tween20) was added to the 
beads and gently agitated.  
 
3.3 Results and discussion 
On field sampling is rarely, if ever, discussed when describing diagnostic methods. This non-trivial 
task of consistently generating a fixed input has repercussions on any assays' performance. A low 
cost DNA purification was developed using common filtered pipette tips in conjunction with SPRI 
technology
56
 to consistently extract DNA to a precise concentration that can be used immediately 
for downstream RPA amplification (Fig 3.1A). Magnetic SPRI bead-based DNA extraction is ideal 
for POC applications because only a magnet is required. After manually macerating a single leaf 
(~300 mg or four 6 mm diameter discs) with a plastic mortar in 200 μL of lysis buffer, the plant 
lysate was cleared of cellular debris by passing the lysate through a filtered pipette tip. DNA was 
then purified using SPRI from a single drop (~10 μL) of lysate with consistent typical yields of 3-5 
ng/μL of high molecular weight DNA in a 10 μL elution. As DNA concentration was at the 
detection limit for spectrometric evaluation (Nanodrop), DNA yield and integrity was estimated by 
ethidium bromide staining (Fig 3.1B) and validated using fluorescence (Qubit® assay). Although 
DNA evaluation was not possible using spectrometry, near baseline absorbance at 230 nm indicated 
minimal contaminants in the sample (Fig 3.1C). For RNA extractions, typical yields were 30-40 
ng/μL in a 10 μL elution with 260/280 and 260/230 ratios of 1.9-2.2 and 1.8-2.3 respectively (Fig 
3.1C), indicating good purity. 
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Figure 3.1:  Precision nucleic acid extraction protocol. (A) Graphical representation of the 
extraction protocol. Photographs show the typical leaf used for extraction, manual maceration of the 
leaf using a disposable mortar and pestle and clearing the lysate of cellular debris using a common 
pipette tip. (B) Agarose gel electrophoresis of four independently extracted DNA samples, all 10 µL 
elute was used. The high molecular weight suggests the good integrity of the extracted DNA. (C) 
Spectrometry analysis of extracted nucleic acids. Top: DNA, Bottom: RNA. 
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 A key characteristic of flocculation is the abrupt transition from solution phase to flocculate which 
makes this phenomena ideal for binary yes/no applications. To the best of our knowledge, the 
detection of DNA/RNA has not yet been demonstrated via a DNA-mediated bridging flocculation 
mechanism which can be readily observed by the naked eye (Fig 3.2A). Indeed, it is the unique 
feature of the bridging flocculation process to discriminate between long and short DNA polymer 
segments which lie at the heart of enabling a very attractive, versatile, field-ready system for the 
detection of any pathogen DNA or RNA sequence.   
 
 
 
Figure 3.2: The bridging flocculation assay. (A) Conceptual representation of the DNA-mediated 
bridging flocculation assay which only occurs in the presence of amplified pathogen DNA which is 
in high molecular weight DNA amplicons/polymers. (B) Excess primers (low molecular DNA 
polymers which have not been amplified) do not induce flocculation. (C) Only 10% or higher 
amplification results in flocculation. (D) Cut-off concentration of amplified DNA for DNA-
mediated bridging flocculation is pH-dependent. Each figure is a representative of at least 3 
experimental replicates. 
  
Chapter 3: Bridging flocculation assay  
 
40 
 
Bridging flocculation is a well-known phenomenon in colloid chemistry and is used for a wide 
variety of colloidal separation processes (e.g., to clarify contaminated water). The phenomenon was 
first described in the 1950’s by Ruehrwein, R.A150  and explained in the 1960’s by La Mer and 
Healy
151-153
 to be the result of the surface adsorption of polymers which are long enough to cross-
link multiple particles together and thus (reversibly) flocculate out of solution. A key aspect of this 
phenomenon is that the polymers (in this case DNA amplicons) must be of sufficient length to 
induce this flocculation. DNA primer pairs, by contrast, are typically too short to enable this type of 
particle cross-linking, hence flocculation can only occur if the primer pairs are successfully 
amplified to create long polymer strands, which in turn, represents the presence of a target DNA 
sequence. Another key aspect of bridging flocculation is that the solution conditions (e.g., salt 
concentration and pH) must be adjusted so that polymer/surface interactions are stronger than the 
polymer/solution interaction (as defined by the relevant Flory-Huggins Parameters
154-156
). Under, 
such conditions longer polymer chains (DNA amplicons) will displace surface adsorbed shorter 
polymers (primers) to induce a spontaneous flocculation. As a consequence, the bridging 
flocculation process is also reversible and may have the added versatility to “tune” the assay 
possibly for quantitative applications.  
As a proof-of-concept, the Solid Phase Reversible Immobilization (SPRI)
56
 method of DNA 
purification was used to first select for DNA lengths above 100 bp. Briefly, high molecular weight 
DNA were first precipitated onto the bead surface in a high polyethylene glycol (PEG)/NaCl buffer. 
DNA loaded beads were next enriched with a magnet and the PEG/NaCl was removed with an 
ethanol wash. Then instead of eluting the captured DNA, a low pH acetate buffer was used to 
trigger DNA loaded magnetic beads to flocculate while long amplicon-free beads are readily 
dispersed back into solution. To confirm that only amplified amplicons of lengths longer than 
primers could trigger flocculation, the assay was tested using only primers (Fig 3.2B). As expected, 
even up to 600 nM of primers were inert to the flocculation assay. Next, to determine how much 
amplification was required to trigger the flocculation, various ratios of product to primers mixes 
representing various levels of amplification were evaluated. As little as 10 % amplification 
efficiency for a 250 bp amplicon was enough to trigger a visually distinct positive response (Fig 
3.2C). This was estimated by assuming that the maximum amount of amplified products was 
equivalent to the initial primer amount (480 nM) in the reaction. Long single stranded DNA such 
that produced by rolling circle amplification, could also mediate a flocculation response was also 
observed (Fig 3.3). Therefore, this flocculation assay could potentially be a universal readout of 
high molecular weight DNA produced by a plethora of amplification systems. 
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Figure 3.3: Using the flocculation assay to detect long single stranded DNA generated by rolling 
circle amplification (RCA). Mung bean nuclease (MB), a single stranded DNA exonuclease, was 
used to demonstrate that RCA generated DNA was indeed single stranded. First lane indicates 100 
bp DNA ladder. As expected, flocculation occurred only when long single stranded DNA was 
present but not in MB digested and no template (NoT) controls. Circle sequence: 
TGGTCTTAAAAACTCTTTCGTTGTCATTGGGATAGGCGATTCTAAATTTCTCAACGAAA
TCTGG was purchased from IDT with a 5’phosphate modification and circularized using the 
CircLigase II ssDNA Ligase Kit (Epicentre, Cat# CL9021K) following the manufacturer’s 
recommendation. The Primer sequence: AGAATCGCCTATCCCAATGACA was used to trigger 
RCA. 
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Another interesting feature of the assay was its sensitivity to pH changes (Fig 3.2D). At pH 4.4, 0.5 
ng/μL (5 µL volume) of amplified product could be detected. However, at pH 5.4, the cut-off 
concentration for clear and distinct flocculation increased 20-fold to 10 ng/μL (5 µL volume). In 
addition, titrating pH with NaOH reversed flocculation (Fig 3.4). Thus, this feature could offer 
some level of “tuning” and may be beneficial for certain applications. This pH versatility is 
however, absent in current nanoparticle approaches. Considering these observations: (1) the 
requirement for long DNA polymers, (2) pH dependence, (3) reversible agglutination and (4) sharp 
transition between solution phase and flocculate, the mechanism was concluded as a DNA-mediated 
bridging flocculation of the particles.
157,158
 Therefore, it was hypothesized that the accumulation of 
beads to the magnet facilitates the DNA/bead entanglement by bringing neighboring DNA/beads 
into close proximity such that DNA strands from one bead may also facilitate interaction with 
adjacent beads. On introduction of an acidic buffer e.g. acetate buffer pH 4.4, two mechanisms may 
occur to enhance flocculation: (1) DNA charge is neutralized at pH 4.4, thus making the bead/DNA 
surface hydrophobic and will spontaneously flocculate in an aqueous environment. (2) Precipitated 
high molecular weight DNA “intertwine” on the beads surface to form an aggregate or flocculate. 
However, DNA-free beads which have the COOH groups exposed remain negatively charged thus 
electrostatically repel each other and readily dispersing into solution. 
 
Figure 3.4: Reversible flocculation assay by pH changing with NaOH. (A) Flocculation assay 
using gDNA at pH4.4. (B) NaOH was added to the same tubes from result A until pH turned to 5.4.      
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Besides the mechanism of aggregation, bridging flocculation is also distinct in many ways from 
many recently described aggregation assays for biomolecule detection using gold nanoparticles via 
various strategies including antibody, DNA probe modified and electrostatic-mediated 
aggregation.
159-162
 For instance, unlike gold nanoparticle methods, the larger size and variety of 
colloidal particles/material which can be manipulated by a bridging flocculation process (e.g., the 1 
μm sized particles used here) allows for better naked eye contrast and therefore does not require the 
use of spectrometry equipment to verify flocculation hence making the bridging flocculation assay 
ideal for resource-poor applications. 
To enable a meaningful application, the robust isothermal recombinase polymerase amplification 
(RPA),
45
 as a proof of concept, was incorporated with the flocculation assay to detect some 
examples of agriculturally important pathogens. The RPA was used to facilitate the generation of 
large amounts of long DNA polymers (amplicons) that could trigger a flocculate only if the 
pathogen was present. To this end, the model plant Arabidopsis thaliana infected with different 
pathogens at various degrees of infection severity was analyzed. This was achieved by collecting 
leaf samples at various time points post infection (S1-S5).
149
 This approach also served both as a 
typical traditional visual diagnosis method, and to emulate situations when a farmer would want a 
diagnosis performed.  
To enable a sampling procedure with minimal equipment, a modified SPRI approach was used to 
extract total DNA from leaf cuttings. This was then followed by the isothermal RPA amplification 
of pathogen-specific sequences at 37 °C for 15 min. With this approach the bacterial pathogen 
Pseudomonas syringae could be detected at very early in the infection process, even before disease 
symptoms manifested (Fig 3.5A). To verify that a flocculation was indeed a result of successful 
RPA amplification, an aliquot of the RPA reactions was also visualized via agarose gel 
electrophoresis. As expected, flocculation occurred only when there was a successful RPA 
amplification, therefore confirming that the flocculation assay could be used a viable proxy to 
evaluate successful amplification which in turn, indicates the presence of the offending pathogen. 
Compared with current methods in the literature for detecting P. syringae in plants, this approach is 
the fastest with comparable, if not better, sensitivity as other previously described methods (Table 
3.2).  
In addition, the presence of two other important and devastating pathogenic fungi, Fusarium 
oxysporum f. sp. conglutinans and Botrytis cinerea were also detected very early in the infection 
process when symptoms were just visible to the human eye (Fig 3.5B and C). In contrast, an 
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additional validation by qPCR could only detect Fusarium infection at stage 5 using the same 
amount of starting material and primers (Fig 3.6). While detections at the earliest (S1) time point 
for F. oxysporum and B. cinerea were not reproducible (Fig 3.5B and C), it was not viewed as a 
major limitation since plants at these early disease stage were virtually symptomless, hence would 
have gone unnoticed by the farmer. In actual farming situations, disease diagnostic assays are only 
performed when potential disease symptoms appear.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5:  Performance at detecting three plant pathogens in Arabidopsis thaliana. (A) 
Pseudomonas syringae, (B) F. oxysporum f. sp. conglutinans, (C) Botrytis cinerea, (D) simulated 
triple infection. Top row: photographs of leaves at various times after infection, S1 to S5. H: 
healthy sample. Pos: positive control. NoT: no template control. Middle row: agarose gel 
electrophoresis images of corresponding RPA reactions performed on the same leaf. Bottom row: 
photographs of the flocculation assay corresponding to the RPA reactions. Each figure is 
representative of at least 3 experimental replicates. 
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Table 3.2: A brief comparison of various methods detecting Pseudomonas syringae in literature 
Methods Detection limit Detection time 
(From sampling 
to detection) 
References 
Flocculation Assay Less than 0.3 pg/µL 90 min This study 
Koch’s postulate - ~20 days Opgenorth, 1983163 
ELISA 0.01 µg of antigen ~ 1.5 day Fogliano, et. al. 1999
164
 
Immunofluorescence 
colony staining 
70 cfu/L ~3days Riffaud, and Morris 
2002
165
 
Dot blot hybridization 1×10
2 
cfu ~1.5day Fanelli, et. al.2007
166
 
Real time PCR 1pg of gDNA ~ 3 hrs Green, et. al. 2009
167
 
PCR (gDNA) Not stated ~ 6 hrs Schmidt, et. al. 2009
168
 
PCR (cell) 1.41×10
3 copies/μL ~ 2 hrs Choi, et. al. 2013169 
PCR/RFLP 102 cfu/mL ~ 3 days Biondi, et. al. 2013
170
 
Gold nanoparticle probe 15 ng/µL ~ 2.5 µ Vaseghia, et. al. 2013
171
 
Selective medium (seed) 0.08% contamination ~ 7 days Suzuki, et. al. 2014
172
 
 
 
 
Figure 3.6:  qPCR quantification of F. oxysporum conglutinans (FOC) in 5 ng of extracted DNA 
from leaves at various stages of infection. The amount of pathogen DNA was estimated from 
calibration plot of known target concentrations. Pathogen DNA was detectable from stage 3 
infection onwards using the same primers for RPA. Error bars represent the standard deviation of 
three replicates. 
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To demonstrate a triplex detection assay, leaves from three plants inoculated with different 
pathogens were pooled together at their respective times post infection to simulate a triple infection. 
The presence of pathogens in plants with early signs of infection were reliably detected (Fig 3.5D, 
Fig 3.6). These results demonstrated both the feasibility and sensitivity of the assay in early 
detection of plant infections i.e. when phenotypic symptoms were just beginning to manifest. While 
the assay performed well on the A. thaliana plant model system, we wondered if the assay could be 
applicable to commercial crops and non-leaf tissues with different composition and putative assay 
inhibitors. To this end, the approach was tested on stem cuttings of banana cv. Lady Finger from 
diseased field plant samples to detect F. oxysporum f. sp. cubense Race 1. The healthy sample was 
able to be distinguished from diseased sample, thus supporting the potential for a viable on-site 
field test for agricultural applications (Fig 3.7A). Current practices for crop pathogen identification 
are done via ELISA or PCR-based methods performed off-site at central facilities.
1,10,37,144-148
 While 
useful, the time delay (days) to obtaining results is not ideal as timely interventions are crucial for 
preventing catastrophic crop losses.
1
 In contrast, the approach has the potential for on-site 
applications because it uses an isothermal amplification method coupled with a simple naked eye 
evaluation method that can be performed with minimal equipment within 90 min. Recently, RPA 
has been performed using only body heat.
173
 This coupled to a low resource DNA mediated 
bridging flocculation evaluation assay such as the one described herein could further advance low 
cost on-site molecular diagnostics. 
As a large number of important pathogens use RNA as their genetic material, the attention was 
focused on RNA-based pathogens. The RT-RPA was performed by adding MMLV reverse 
transcriptase (RT) to the RPA mix
174,175
 on Nicotiana benthamiana plants infected with cucumber 
mosaic virus, a RNA virus that affects a multitude of commercial vegetable crops. As similar to the 
results from DNA-based pathogens, only samples with RNA viral infection but not healthy plants 
shown positive (Fig 3.7B). Finally, the application of the approach was extended to the detection of 
a wider variety of targets. These included bovine herpes virus 1 in bovine cells (Fig 3.7C), E. coli in 
water (Fig 3.7D); and of human diseases such as proviral HIV (Fig 3.7E), malaria (Fig 3.7F), 
Mycobacteria tuberculosis (Fig 3.6G) and influenza virus H1N1 (Fig 3.7H), all of which the 
approach could successfully discriminate between infected and uninfected samples using the 
flocculation assay to visualize positive amplifications. 
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Figure 3.7: Detecting multiple disease pathogens from across various host kingdoms. (A) F. 
oxysporum cubense Race 1 in banana stems. (B) Cucumber mosaic virus in Nicotiana benthamiana 
leaves. (C) Bovine Herpesvirus 1 in bovine cells using two pathogen target genes, tyrosine kinase 1 
(TK1) and Glycoprotein B. (D) E. coli in water using P. syringae as an unrelated control. (E) HIV 
proviral DNA in Jurkat cells. (F) P. falciparum blood cultures. (G) Mycobacteria Tuberculosis in 
cultures using two pathogen target genes, CFP10 and ESAT-6. E. coli was used as an unrelated 
control. (H) Influenza virus H1N1 in culture media. Top row: agarose gel electrophoresis images of 
RPA reactions performed. Bottom row: photographs of the flocculation assay corresponding to the 
RPA reactions. Pos: positive sample. Neg: negative sample. NoT: no template control. RT: reverse 
transcriptase. Each figure is representative of at least 3 experimental replicates. 
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3.4  Conclusions 
In conclusion, a novel bridging flocculation assay for naked eye qualitative evaluation of amplified 
DNA was described. The combination of RPA with the flocculation assay then formed the basis of 
a simple strategy for on-site nucleic acid diagnostics with minimal equipment that may find wide 
applications. This strategy was first applied successfully to detect economically important plant 
pathogens and then extended to detect a suite of pathogens in a variety of sources. While promising, 
a current limitation of the method is the need for multiple wash steps which can be resolved in 
future improvements to the method. However, considering the wide range of pathogens and samples 
demonstrated here, the assay is believed to have the potential for on-site, low resource applications. 
 
Chapter 4: Molecular inversion probe  
 
49 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 4 
Molecular inversion probe:  
A new tool for highly specific detection of 
plant pathogens 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Full article: Lau, H. Y., Palanisamy, R., Trau, M. & Botella, J. R. Molecular inversion probe: a 
new tool for highly specific detection of plant pathogens. PloS One 9, e111182, 
doi:10.1371/journal.pone.0111182 (2014) 
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0111182   
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4.1   Introduction 
Agriculture is a major economic activity with an estimated total annual value of $1500 billion US 
dollars.
1
 However, up to a third of the agricultural production is lost due to three major causes: 
disease outbreaks, insect attack and weed competition.
1
 Among them, losses caused by crop 
diseases are the most important issue globally, especially in agriculturally reliant countries. In the 
absence of resistance, the ideal method to control disease outbreaks is by early detection in the field 
before it spreads to neighboring farms. It is therefore essential to develop new disease diagnostic 
technologies that are sensitive, reproducible, highly specific and able to detect multiple pathogens 
in a single assay. 
 
Numerous methods have been evaluated to diagnose plant diseases and detect plant pathogens.
2
 The 
conventional approaches involve identifying the morphological changes in the plant, followed by 
culturing the pathogens in vitro for further characterization.
3
 Despite the high accuracy of these 
approaches, they are time consuming, labor intensive and most importantly, it requires experienced 
plant pathologists, a luxury in many developing countries, to identify and classify the plant 
pathogens responsible for the disease. Hence antibody-based rapid diagnostic approaches such as 
enzyme-linked immunosorbent assays (ELISAs),
10,11
 immunoblot
176
 and immunofluorescent tests
13
 
have been developed and widely used to identify a number of plant pathogens. However, these 
antibody-based methods have been reported to be cross-reactive and sometimes yield false-negative 
results.
119
 To increase sensitivity and specificity, DNA based molecular techniques have recently 
become the most powerful tool in plant disease diagnostics.
17,18
 Amplifying DNA regions unique to 
a specific pathogen using the polymerase chain reaction (PCR) is one of the most widely used 
molecular biology techniques and has become a foundation of DNA-based plant pathogen detection. 
Although PCR based assays demonstrate improved sensitivity and specificity compared to older 
technologies,
36-38,177
 they have limited multiplexing capability when detecting and identifying 
unknown pathogens in diseased plant samples. Indeed, multiplex PCR assays containing multiple 
primer sets are more prone to non-specific amplification resulting in false positive results.
39,40
  
 
Furthermore, most of the DNA/PCR-based diagnostic methods have been designed to target the 
internal transcribed spacer (ITS) regions in the ribosomal RNA genes because of their high copy 
number and the easy access to large amounts of sequence information in databases.
87,178,179
 As a 
result, the ITS region has been widely used to identify and classify plant pathogens.
180
 However, the 
ITS region is highly conserved in same species and therefore not an ideal target region for intra-
species pathogen identification such as differentiating between the conglutinans and lycopersici 
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formae speciales from Fusarium oxysporum. Therefore, an assay that can readily screen for a 
particular pathogen or identify the presence of several pathogens in a given sample with high 
specificity, sensitivity, reproducibility and also amenable to high-throughput multiplex detection is 
highly desirable.  
 
Currently the most effective way to identify unknown pathogens still involves symptom observation, 
characterization of the pathogen and proof of Koch’s postulates which requires one to few weeks to 
confirm the identity of the pathogen. Herein, a novel method of plant pathogens detection that can 
screen for pathogens with high specificity and sensitivity using molecular inversion probes (MIPs) 
was described. Molecular inversion probes have been previously used for various clinical 
applications such as high-throughput analysis of single nucleotide polymorphisms, DNA 
methylation, detecting genomic copy number changes and other genotyping applications.
109-111
 
MIPs offer a number of advantages over other genome based PCR technologies. Firstly, the MIP 
backbone physically restricts the two binding domains for localized interaction which increases the 
specificity of the detection assay. Secondly, the exonuclease digestion step prior to PCR 
amplification digests all the non-circularized MIPs further increasing the specificity of the assay. 
Finally, MIPs are highly multiplexable with several thousands of targets can be interrogated in a 
single multiplex assay. 
 
In this study, the MIP technology was used as a diagnostic tool to screen for plant pathogens in 
infected tissues. Three economically important plant pathogens, including two from the same 
species, have been selected for this study (Fusarium oxysporum f.sp. conglutinans, Fusarium 
oxysporum f.sp. lycopersici and Botrytis cinerea). As proof of concept, we designed a MIP to target 
a unique sequence present in the F. oxysporum f.sp. conglutinans (Foc) genome. The specificity, 
sensitivity and detection limit of the assay were assessed and used to detect the presence of 
pathogen in infected Arabidopsis thaliana samples.  
 
4.2   Experimental section 
4.2.1   Plant and pathogen materials 
Arabidopsis thaliana ecotype Columbia (Col-0) was obtained from the Arabidopsis Biological 
Resource Center (ABRC; Ohio State University). Fusarium oxysporum f.sp. conglutinans (Foc), 
Fusarium oxysporum f.sp. lycopersici (Fol) and Botrytis cinerea (Bc) were obtained from the 
Department of Agriculture, Fisheries and Forestry, Queensland, Australia. 
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Arabidopsis thaliana growth 
Arabidopsis seeds were sown on soil in a small pot (50 mm diameter) and kept at 4 
o
C for three 
days before transferring to short day growing conditions (photoperiod 8/16 light/dark; 23 
o
C) for 
another 7 days. The seedlings were then carefully removed from the soil by immersing in water and 
transplanting them into trays. The seedlings were grown in short day conditions for an additional 7 
– 14 days until the size of plant reached 25 mm in diameter. 
 
Fusarium oxysporum f.sp. conglutinans and Fusarium oxysporum f.sp. lycopersici cultures 
preparation 
A small agar block containing Foc / Fol hyphae was placed on a plain agar plate and incubated at 
room temperature for 4 – 6 days until the hyphae were visible. Three agar blocks (5 mm x 5 mm) 
were cut from the fresh culture plate and transferred into 200 mL of potato dextrose broth (PDB) in 
a 1 litre bottle. The culture was incubated at 28 °C with shaking at 5 x g for 3 – 4 days. The culture 
was then filtered through 4 layers of Miracloth to separate the mycelia and the spores. The elute 
containing the spores was used for inoculation while the mycelia were used for genomic DNA 
extraction. The concentration of spores in elution was quantified using a hemocytometer and diluted 
with distilled water to a final concentration of 10
6
 spores per mL for inoculation. 
 
F.oxysporum f.sp. conglutinans inoculation 
A tray containing 20 Arabidopsis seedlings was immersed in water to remove the soil. Then the 
seedlings were carefully cleaned and dried on a tissue paper before immersing them into inoculation 
solution for 30 sec. After the inoculation, the seedlings were transplanted onto soil and grown at 
28 °C in short day conditions for disease evaluation.   
 
Botrytis cinerea culture preparation 
Hyphae of Bc on a small agar block was placed on potato dextrose agar (PDA) and incubated at 
room temperature for 10 – 14 days until the agar surface was fully covered by mycelium. The layer 
containing Bc mycelium on PDA surface was taken and used for genomic DNA extraction. 
 
4.2.2   Genomic DNA preparation 
Foc, Fol and Bc genomic DNA was extracted using the protocol as previously described.
181
 Four-
days-old Foc, Fol cultures were prepared as described above and filtered with four layers of 
Miracloth, the mycelium trapped on the Miracloth surface was transferred into mortar and 
immediately frozen with liquid nitrogen. The Bc mycelium was taken directly from the 10 – 14 
days old culture on PDA plate. Approximately 100 mg of the finely ground mycelium tissue was 
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transferred to a 1.5 mL microcentrifuge tube. The ground tissue was mixed with 400 µL of 
extraction buffer (150 mM Tris base, 2% (w/v) SDS, 50 mM EDTA, 1% (v/v) b-mercaptoethanol, 
adjusted to pH 7.5 with boric acid) and vortexed for 5 min. Then, the mixture was added with 100 
µL of absolute ethanol and 44 µL of 5 M potassium acetate before vortexed for 1 min following the 
addition of each reagent. The solution was added with 500 µL of chilled chloroform : isoamyl 
alcohol (24:1, v/v) and vortexed for 1 min before centrifugation (maximum speed, 3 min at room 
temperature). Approximately 500 µL of upper phase was transferred to a new 1.5 mL tube and 500 
µL of phenol : chloroform : isoamyl alcohol (25:24:1, v/v) was added. The mixture was again 
centrifuged at maximum speed for 3 min at room temperature to separate into an upper and a lower 
phase. The upper phase (400 µL) was transferred to a new tube and mixed well with 1 mL of cold 
absolute ethanol. The mixture was then incubated at -80 °C for 30 min before centrifuging at 4 °C 
for 30 min at 15,000 x g to pellet DNA. The supernatant was removed and the pellet was washed 
with 80% ethanol. The pellet was resuspended in 100 µL H2O and 5 µL of RNase A (10 mg/mL) 
was added, followed by 37 °C incubation for 20 min. After the incubation, 10 µL of 3M sodium 
acetate and 100 µL of isopropanol were added to the mixture. The genomic DNA was allowed for 
precipitation at -20 °C for 10 min then centrifuged for 2 min at maximum speed. After washing 
with 70 % ethanol, the dried pellet was resuspended in H2O. Finally the concentration of extracted 
genomic DNA was quantified using NanoDrop ND-1000 spectrophotometer (Thermo Scientific, 
Wilmington, USA).  
 
Genomic DNA from Arabidopsis leaves was extracted using a modified Doyle and Doyle CTAB 
method.
182
 Leaf tissue was collected, frozen with liquid nitrogen and ground into fine powder. 
Approximately 100 mg of ground leaf tissue was then mixed with 500 µL of pre-heated 50 °C 
extraction buffer (2% w/v CTAB, 1.42 M NaCl, 20 mM EDTA, 100 mM Tris HCl pH 8.0, 1% w/v 
PVP 40), containing proteinase K (40 µg/mL) and 0.4% β-mercaptoethanol. The mixture was 
vortexed for 5 min before incubating at 50 °C in a water bath for 30 min, inverting every 5 min. The 
homogenate was then transferred to a 65 °C water bath and incubated for another 15 min. The 
solution was then allowed to cool to room temperature and 500 µL of chilled chloroform : isoamyl 
alcohol was added (24:1, v/v). After a vigorous shake, tubes were gently rocked for 15 min at room 
temperature, followed by centrifugation at 15,000 x g for 10 min. Approximately 400 µL of 
supernatant was transferred to a new 1.5 mL tube, 800 µL of cold absolute ethanol added and gently 
inverted to precipitate the genomic DNA. After incubation for 1 h in -80 °C, genomic DNA was 
recovered by centrifugation (30 min, 15,000 x g, 4 °C). After washing with 80% ethanol, the 
precipitate was dried and resuspended in 100 µL of H2O. The genomic DNA was treated with 
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RNase A as described above and the concentration was quantified with DNA-50 setting of 
NanoDrop ND-1000 spectrophotometer. 
 
4.2.3   Molecular inversion probe assay 
Design of MIP: The Foc race 2 genome sequence was obtained from GenBank, National Center for 
Biotechnology Information (NCBI). Bioinformatic analysis was performed and candidate target Foc 
sequences were identified. Candidate sequences were subjected to BLAST searches to identify 
homologous DNA fragments in other organisms. Special attention was devoted to find sequences 
present in the Foc genome but absent from Fol. A fragment showing no homology to any available 
sequence in the databank was chosen. Based on the unique sequence, a MIP (named MIPFOC01) 
was designed with 20 nt and 18 nt of binding regions (B1 and B2, respectively) at 3’ and 5’ end of 
MIP, respectively. The binding regions sequences were complementary to the DNA target. The Tm 
values of both binding regions were adjusted to obtain slightly lower Tm at B1 in order to allow B1 
hybridized to DNA target before B2. When the MIP hybridized to the DNA target, it generated a 
single stranded gap (48 nt) between the two binding domains. The binding regions of MIP were 
connected with a 104 nt linker sequence containing primer sites (P1 and P2) for sequence 
amplification (Fig 4.1). The MIP had a total size of 143 nt and was analyzed using the 
OligoAnalyzer 3.0 software (Integrated DNA Technologies) 
(http://www.idtdna.com/analyzer/Applications /OligoAnalyzer/) to avoid any secondary structures 
that might interfere with the hybridization process. DNA oligonucleotides listed in Table 4.1 were 
purchased from Integrated DNA technologies (IDT, Iowa, USA). 
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Figure 4.1: Schematic outline of molecular inversion probe (MIP) assay. The MIP consists of two 
binding domains at its 3' and 5' ends which are designed complementary to target sequences in 
DNA. The MIPs also contained two universal primer binding domains (P1 and P2) in its DNA 
backbone. (A) Hybridization: B1 and B2 bind to specific sequences on the target DNA creating a 48 
base single stranded gap between the binding domains of the MIP. (B) Gap filling: A DNA 
polymerase that lacks exonuclease and strand displacement activities synthesizes DNA from 3’ end 
of the MIP to 5’ end until the single stranded gap is filled. (C) Ligation: A DNA ligase ligates the 3' 
end of the newly synthesized DNA strand with the 5’ end of the MIP creating a circular DNA. (D) 
Digestion: exonucleases I and III digest the linear MIPs and the DNA target in the reaction mixture 
leaving the circularized MIPs for amplification. (E) Polymerase chain reaction (PCR): A pair of 
universal primers (P1 and P2) amplifies the circularized MIP using the universal primer binding 
domains to generate PCR amplicons.  
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Table 4.1: Oligonucleotide sequences 
MIP for 
F.oxysporum f.sp. 
conglutinans 
MIPFOC01 
5´-AGTAGAATGAAGCCTCCCCCAGGGTTTGTTGTGGTCAGAATTCT 
GTCTGATGGCTCTTCAGTCCTATAACGUUUCCAAATGCTGTGTAG
GTCATCTCACCAATGCATACCAGGCTCACTTTGGGAGGACGAGGGA
AAGAGTTG-3´ 
Universal primers 
for amplifying 
circular MIPs 
MIP forward 
primer (P1) 
5´-CGTTATAGGACTGAAGAGCCAT-3´ 
MIP reverse 
primer (P2) 
5´-CCAAATGCTGTGTAGGTCATCT-3´ 
Real-time PCR 
primers for Foc 
quantification 
Foc-F1 5´-GGGGGAGGCTTCATTCTACT-3´ 
Foc-R1 5´-TGGGACGAGGGAAAGAGTTG-3´ 
Foc-F2 5´-CAGACTTTCCACAGCAATGCGT-3´ 
Foc-R2 5´-CCATGGGACGAATAGGCACC-3´ 
 
Nucleotides highlighted in red and blue indicate the target binding sites and the PCR amplification 
primer sites, respectively.  
 
  
Chapter 4: Molecular inversion probe  
 
57 
 
Hybridization: 1 pg of MIP was mixed with genomic DNA in 10 µL reactions containing 1X ligase 
buffer (200 mM Tris-HCl (pH 8.3), 250 mM KCl, 100 mM MgCl2, 5 mM NAD, and 0.1 % Triton 
X-100). The genomic DNA was initially denatured at 95 °C for 6 min followed by 85 °C for 10 min. 
The temperature was then gradually decreased from 70 °C to 56 °C at the rate of 1 °C/30 s, 
followed by 4 h incubation at 56 °C.  
 
Gap filling and ligation: The gap filling reaction was performed by adding 5 µL of the reaction 
mixture containing 1 unit ampligase enzyme (Ampligase Thermostable DNA Ligase, Epicentre 
Biotechnologies, Wisconsin, USA), 1 unit Stoffel fragment DNA polymerase (Applied biosystems, 
USA), 125 nM of each dNTP (Roche diagnostics, Manheim, Germany) in 1X ligase buffer , 250 
mM KCl, 100 mM MgCl2, 5 mM NAD, and 0.1% Triton X-100). The reaction mixture was 
incubated at 56 °C for 2 h followed by cycling the reaction for four cycles using the following 
conditions, initial denaturation at 95 °C for 6 min followed by 85 °C for 10 min. The temperature 
was then gradually decreased from 65 °C to 56 °C at the rate of 1 °C/30 s followed by 4 hrs 
incubation at 56 °C. 
 
Exonuclease digestion: An enzyme mixture containing 10 units of exonuclease I (NEB, Ipswich, 
USA) and 50 units of exonucelase III (NEB, Ipswich, USA) was added to the gap-fill reaction 
mixture to digest non ligated MIPs and liner DNA targets. The reaction mixture was initially 
incubated at 37 °C for 60 min followed by heat killing the enzymes at 80 °C for 20 min. 
 
Polymerase chain reaction (PCR): Amplification of ligated MIPs was performed in a 60 µL 
reaction containing 1.5 unit Taq DNA polymerase (AmpliTaq DNA Polymerase, Applied 
Biosystems, Australia), 0.7X PCR buffer (AmpliTaq 10X PCR buffer with 100 mM Tris-HCl pH 
8.3, 500 mM KCl, 15 mM MgCl2, 0.01% (w/v) gelatin), 0.2 mM each dNTP, 0.1% tween 20 and 
125 nm of each universal forward and reverse primers (Table 1). PCR reaction was carried out in a 
Bio-Rad thermo cycler (MJ Mini Personal Thermal Cycler) using the following conditions: 
denaturation at 94 °C for 10 min followed by 50 cycles of 94 °C for 30 s, 65 °C for 45 s and 72 °C 
for 30 s. The products were analyzed by agarose gel electrophoresis using 2.5% agarose gels in 
sodium borate buffer. The agarose gel was stained with ethidium bromide (0.5 µg/mL) then 
visualized under a 254 nm transilluminator (Vision-capt version 14.2) and the DNA band intensities 
on agarose gel were quantified using ImageJ software. The PCR amplicon was purified using a 
QIAquick PCR purification kit (QIAGEN Pty. Ltd., Venlo, Netherlands) and quantified using a 
ND-1000 Nanodrop spectrophotometer (Thermo Scientific, Wilmington, USA). The purified DNA 
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was then used in Sanger sequencing and the sequencing result was analyzed using CLUSTALW 
multiple sequence alignment (http://www.genome.jp/tools/clustalw/). 
 
4.2.4   Real-time PCR 
Two sets of primers were designed with each targeting a 100 bp region in the Foc genome (Table 1). 
Real-time PCR was performed using the Rotor-Gene® Q-Pure Detection System (Software Ver. 2, 
Qiagen Inc., Valencia, CA, USA). The standard curve was plotted according to the target DNA 
concentration against the Threshold cycle (Ct) value observed in the real-time PCR assay. The total 
reaction volume of 20 µL contained either pure Foc genomic DNA (0.1 - 20 ng) or 100 ng of 
genomic DNA from infected plant samples, 250 nM of each primer, 1 unit Taq DNA polymerase 
(AmpliTaq DNA Polymerase, Applied Biosystems, Australia), 1X PCR buffer (AmpliTaq 10X 
PCR buffer), 0.2 mM each dNTP, 2 mM magnesium chloride and 5.0 µM SYTO-9 (Invitrogen, 
USA). Real-time PCR reactions were carried out at the following conditions: 95 °C for 5 min 
(denaturation and hot start activation), 35 cycles of 95 °C for 30 s, 58 °C for 30 s, 72 °C for 30 s 
and a final elongation step at 72 °C for 5 min.  After the real-time PCR, the temperature increased 
from 72 °C to 95 °C to analyze the melting curves of the PCR products.  
 
4.3   Results  
4.3.1   Assay design 
A MIP assay was designed to screen and specifically identify Foc infecting A. thaliana plants (Fig 
4.1). The MIP was hybridized to Foc genomic DNA forming a circular loop with a single stranded 
gap between the two binding regions. A Taq DNA polymerase, lacking 5’-3’ exonuclease and 
strand displacement activities, was then used to initiate DNA synthesis from the 3' end of the MIP 
in a gap-fill reaction.
110
 Following strand synthesis, a DNA ligase was used to ligate the newly 
synthesized strand with the 5' end of the binding domain generating a circular DNA molecule. To 
ensure increased sensitivity, the unligated linear probes were eliminated by digestion with 
exonuclease. The circularized MIP, which is immune to exonuclease digestion, was amplified in a 
PCR reaction to detectable levels using universal primers designed for two domains in the MIP 
backbone. In the absence of the target pathogen DNA, the linear MIP was digested in the 
exonuclease step and no DNA amplicon was produced. 
 
4.3.2   Design of the Molecular Inversion Probe 
The MIP (MIPFOC01) used in this study was designed to recognize a fragment of Foc genomic 
DNA between genes encoding for hypothetical proteins EGU89127.1 and EGU89126.1 (GenBank 
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locus AGNF01000001). MIPFOC01 is 143 nucleotides (nt) long oligonucleotide with two binding 
domains, 20 nt and 18 nt each at the 5' and 3’ end, respectively (Table 4.1). The binding domains 
were designed to be complementary to the target region of interest (Fig 4.1). The melting 
temperature of the 5’ binding domain was designed to be few degree centigrade higher than the 
melting temperature of the 3' binding domain to enable the MIP to hybridize to the target DNA and 
form a loop with a 48 nt single stranded gap in between the two binding regions (Fig 4.1A). The 
backbone of MIPFOC01 was designed manually containing two ‘universal primer’ binding 
domains that were designed to be present in the backbone of other MIP probes. In this way a single 
set of primers can be used for amplifying several MIPs, independently of the probe and the 
pathogen being analyzed. 
 
4.3.3   Detection limit 
During disease evolution, pathogens gradually multiply inside their hosts. On many occasions, by 
the time the disease symptoms are visible, the pathogen may have already spread to neighboring 
plants making it crucial to determine the lower detection limit of any diagnostic assay that can 
reliably generate a detectable signal.  
 
Genomic DNA was extracted from in vitro grown Foc pure cultures and replicate assays containing 
different amounts of purified Foc genomic DNA ranging from 160 ng to 1.25 ng were performed 
using MIPFOC01. Following hybridization and gap-fill reaction, the circularized MIPs were 
amplified by PCR. The PCR amplicons were analyzed by agarose gel electrophoresis and the 
relative intensities of the DNA bands were measured. As expected, the intensity of the DNA band 
increased with increasing amounts of genomic DNA in the reaction but signal saturation was not 
reached even at relatively high concentrations of pathogen genomic DNA (Fig 4.2). No bands were 
observed when the amount of input genomic DNA was decreased below 2.5 ng which was same as 
the control reaction containing no genomic DNA.  
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Figure 4.2: Detection limit of the MIP assay. The MIP (MIPFOC01) was mixed with different 
amounts of Foc genomic DNA (160 ng, 80 ng, 40 ng, 20 ng, 10 ng, 5 ng, 2.5 ng, 1.25 ng and 0 ng) 
in triplicates and analyzed in a MIP assay. The PCR amplicon was electrophoresed through an 
agarose gel and the intensity of the DNA bands were measured. Error bars represent the standard 
deviation of three replicates. 
 
4.3.4   Sensitivity analysis  
Even though detection limits for diagnostic methods are usually determined using pure pathogen 
DNA,
183,184
 in a real world situation DNA extracted from an infected plant contains a complex 
mixture of genomic DNA from the plant as well as the pathogen. The ratio of plant DNA to 
pathogen DNA in a given sample is variable as it depends on the pathogen and disease progression, 
but even in advanced stages of infection, plant DNA will always be present in vast excess over 
pathogen DNA. Therefore, detecting low number of pathogens present in plant tissues during early 
disease stages has always been a challenge in disease management.  
 
To investigate the sensitivity of the MIP assay, increasing amounts of A. thaliana genomic DNA 
were added to triplicate reactions containing MIPFOC01 and 10 ng of Foc genomic DNA. The PCR 
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amplicons were analyzed using agarose gel electrophoresis revealing that band intensity decreased 
significantly (p < 0.05) as the amount of A. thaliana genomic DNA in the reaction increased (Fig 
4.3). The p value was calculated using online p value calculator (http://www.socscistatistics.com) 
and the statistical analysis was shown in Fig 4.4. As expected, the control reactions containing 
Arabidopsis genomic DNA but no Foc genomic DNA failed to generate any PCR product. The 
results indicate that the MIP assay using MIPFOC01 is able to detect Foc DNA even in the 
presence of 200 fold excess of plant DNA.  
 
 
 
 
Figure 4.3: The sensitivity of the MIP assay containing of host DNA. Reactions containing 10 ng 
of Foc genomic DNA were mixed with either 1 µg or 2 µg of genomic DNA from A. thaliana in 
triplicates and analyzed in a MIP assay. A sample containing 2 µg of A. thaliana genomic DNA 
was used as negative control. a) The PCR products were analyzed using agarose gel electrophoresis. 
b) The intensities of the DNA bands on agarose gel were measured. Error bars represent the 
standard deviation of three replicates. 
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Figure 4.4: Statistical analysis of t-test and p value for the sensitivity test of MIP assay. The result 
is significant with the p value of 0.024158 which is < 0.05.  
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4.3.5  Specificity analysis 
Specificity, being able to reliably identify a particular pathogen from other species, closely related 
species or even different races in the same species, is essential for a diagnostic assay. Furthermore, 
in many instances crops can be infected by multiple pathogens and it is important to avoid false 
positive results caused by close relatives.
185
 
 
The specificity of the MIP assay and the MIPFOC01 probe was assessed by detecting the presence 
of Foc DNA in a pool containing DNA from two other pathogens; a close relative (Fusarium 
oxysporum f.sp. lycopersici) and a non-related necrotrophic fungal pathogen (Botrytis cinerea). The 
MIP assay was performed in triplicates using the DNA mix extracted from the three pathogens as 
sample and the reaction products analyzed using agarose gel electrophoresis. A single DNA 
fragment was observed of the expected size (~200 bp) (Fig 4.5a). The DNA amplicon was purified 
and sequenced revealing an exact match with the targeted Foc genomic sequence over the entire 
length of the amplicon (191 bp) (Fig 4.5b). No products were observed when the MIP assay was 
performed using MIPFOC01 in the absence of the pathogen DNA mix or when both MIPFOC01 
and the pathogen DNA mix were omitted. Additionally, the MIP assay failed to amplify any 
products when Fusarium oxysporum f.sp. lycopersici or Botrytis cinerea were used as source of 
DNA (Fig 4.6). This result indicates that MIPFOC01 is highly specific for Foc even in the presence 
of other pathogens from the same species. 
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Figure 4.5: Specificity test of the MIP assay. a) 50 ng of genomic DNA from each of the three 
infectious plant pathogens (Foc, Fol and Bc) were mixed and analyzed in a MIP assay using 
MIPFOC01. The PCR products were analyzed using agarose gel electrophoresis. b) The DNA 
amplicon was purified and sequenced using Sanger sequencing method. The data obtained indicated 
a perfect match with AGNF01000001.1 (Fusarium oxysporum f. sp. conglutinans race 2 54008 
cont1.1). 
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Figure 4.6: Specificity test of the MIP assay. MIP assay was performed on 50 ng of genomic DNA 
from three infectious plant pathogens (Foc, Fol and Bc) using the MIPFOC01 probe. The MIP 
products were analyzed using agarose gel electrophoresis.  
 
 
4.3.6   Disease development and sampling 
Arabidopsis thaliana seedlings were manually inoculated with Foc as described by Trusov et al..
186
 
Inoculated plants started to show chlorosis in leaves and wilt symptoms 7 days after inoculation 
(dai), and the disease progressed until the fungus invaded all tissues killing the plant 21 - 25 dai. 
Non-inoculated control plants stayed healthy and no abnormal symptoms were observed over the 
experimental period. 
 
The infected leaves were harvested based on the sampling method described by Miedaner et al. 
which classified the infection stages by observing and quantifying morphological changes on the 
leaves.
149
 For these experiments, infected leaves were divided into five stages displaying symptoms 
in 0%, ~25%, ~50%, ~75% and 100% of the leaf surface (Fig 4.7). These stages were observed in 
plants 3 – 6 dai, 7 – 10 dai, 11 – 15 dai, 16 – 20 dai and 21 – 25 dai, respectively (Fig 4.7). DNA 
was subsequently extracted from the leaves belonging to each of the 5 different stages and subjected 
to different analyses. 
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Figure 4.7: Disease symptom development and classification. The A. thaliana leaves were checked 
for visible symptoms from 1 day after inoculation (dai) until 25 dai and classified into 5 infection 
stages according to their severity. Stage 1: 0% symptom severity (3 – 6 dai); Stage 2: ~25% 
symptom severity (7 – 10 dai); Stage 3: ~50% symptom severity (11 – 15 dai); Stage 4: ~75% 
symptom severity (16 – 20 dai); Stage 5: 100% symptom severity (21 – 25 dai). 
 
4.3.7   Quantification of pathogen DNA in infected plants 
Real-time PCR is the most widely used method to quantify the amount of pathogen DNA in a given 
DNA sample.
33,177,187,188
 For the purpose of these experiments, the accuracy of Foc quantification 
using real-time PCR was validated in several ways. Firstly, quantification was performed using two 
sets of primers, each set targeting different regions of the Foc genome. Secondly, two standard 
curves from each of the 2 primer sets were generated by adding known amounts of Foc genomic 
DNA (20 ng, 10 ng, 5 ng, 1 ng, 0.5 ng and 0.1 ng), while DNA from healthy plants served as 
negative control. Finally, three replicates of all infected plant samples were analyzed for each 
specified amount of DNA. The average amount of pathogen DNA was quantified from each primer 
set and standard deviations were calculated.  
 
The standard curves of the two primer sets (Foc-F1/Foc-R1 and Foc-F2/Foc-R2) resulting from 
linear regression are shown in Fig 4.8a and 4.8b, respectively. Both standard curves indicated a 
good correlation between the amount of DNA template and the Ct values (R
2
: 0.98 and 0.99, 
respectively). Melting curve analysis of the PCR amplicons was also performed to confirm 
successful amplification indicating a maximum Tm of 82.5 °C and 85 °C, respectively (Fig 4.8c and 
4.8d). The amount of Foc genomic DNA in all stages of infection was then determined based on the 
Ct values and averages of the quantified concentrations from the two primer sets (Fig 4.9). Infection 
in stages 1 and 2 showed very low amounts of Foc genomic DNA while a very significant increase 
was observed in stage 3 that kept steadily growing until stage 5 (Fig 4.9).  
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Figure 4.8: Quantification of Foc genomic DNA in infected A. thaliana using real-time PCR. a,b) 
Standard curves using 2 primer sets Foc-F1 / Foc-R1 (2a) and Foc-F2 / Foc-R2 (2b) and known 
concentrations of purified Foc genomic DNA (20 ng – 100 pg) (blue dots). The concentration of 
Foc genomic DNA in 5 infection stages as well as in non-inoculated plants was calculated by 
interpolating on the standard curves (red dots).  c,d) Melting curve profiles of the PCR amplicons 
generated by the 2 primer sets in a real-time PCR. 
 
 
 
Figure 4.9: Quantification of Foc genomic DNA in infected A. thaliana using real-time PCR.  The 
average amount of Foc genomic DNA present in the infected plant samples were quantified using 
the 2 primer sets (Foc-F1 / Foc-R1 and Foc-F2 / Foc-R2) in the real-time PCR.  
 
Chapter 4: Molecular inversion probe  
 
68 
 
 
4.3.8   MIP assays on infected plants 
In order to determine if the MIP assay can reproducibly detect the presence of Foc genomic DNA in 
infected plant tissues, we analyzed DNA from plant samples at different stages of infection as well 
as non-infected plants. MIPFOC01 was mixed with 2 µg of DNA extracted from plant tissue at each 
of the five infection stages described earlier (Fig 4.7). Following hybridization and gap-fill reaction, 
the circularized MIPs were amplified by PCR. The PCR amplicons were analyzed using agarose gel 
electrophoresis and followed by quantifying the intensities of the DNA bands (Fig 4.10). No 
amplification was detected in stages 1 and 2, which according to the RT-PCR quantification (Fig 
4.9) contained a concentration of pathogen DNA below the limit of detection shown in Fig 4.2. 
However, amplification was observed in stages 3, 4 and 5. The amount of amplified DNA increased 
gradually from stage 3 to stage 5, although in stage 5 the signal seemed to be close to reaching 
saturation.   
 
 
 
Figure 4.10: MIP assay on infected A. thaliana plant tissue samples. Replicate MIP assays were  
performed on 2 µg of DNA extracted from the A. thaliana leaves belonging to each of the five 
infection stages as well as non-infected (healthy) leaves. Each reaction contained 2 µg of genomic 
DNA extracted from infected A. thaliana leaves. Non-infected A. thaliana was used as negative 
control. MIP assays were performed in triplicates and amplicon abundance was measured by 
quantifying the intensity of the DNA bands. Error bars represent standard deviation of the three 
replicates.  
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4.4   Discussion 
As proof of concept, in this work we optimized the molecular inversion probe assay to detect the 
plant pathogen Foc in pure cultures and infected A. thaliana tissues. The sensitivity, specificity and 
the dynamic range of the assay has been demonstrated in a singleplex MIP assay. MIPs are highly 
versatile and can be easily tailored to detect virtually any pathogen in a DNA mixture by carefully 
designing the MIPs binding domains. After hybridizing to the target DNA, the MIP creates a single 
stranded gap between the binding domains. This looped physical conformation differentiates it from 
a variant of the MIP technology which does not generate a single stranded gap between the binding 
domains known as padlock probes (PLP).
189-191
 Padlock probes (PLP) have been developed for 
several applications including plant pathogen identification.
87,107,192,193
 However, PLPs exhibited 
limited accuracy when detecting different pathogens from closely related species
193
, mostly due to 
the fact that the specificity of the PLP assay depends on the fidelity of the ligase which has been 
known to be promiscuous.
194-196
 Therefore, it is likely that the accuracy of the MIP assay which is 
defined by a polymerization and a ligation component potentially increased the specificity of 
pathogen detection.   
 
The binding domains at the 3' and 5' end of the MIP are linked by a DNA backbone. This design 
feature physically restricts the physical distance that can exist in the target genomic DNA for the 
hybridization of both binding domains, thereby increasing the specificity of the MIPs. In addition, 
in this approach the signal to noise ratio of the assay was increased by enzymatically digesting the 
unligated linear MIPs using exonuclease.
197
  PCR amplification of the circularized MIPs enabled 
the MIP assay to detect as little as 2.5 ng of purified Foc genomic DNA. This low detection limit 
makes the MIP assay an ideal method for detecting pathogens in plants during early stages of 
infection.  
 
Increasing the relative amount of purified plant DNA to Foc DNA resulted in a decrease in the 
overall yield of the assay (Fig 4.3) suggesting that the MIP hybridized to the target pathogen DNA 
more efficiently in the presence of lower amounts of plant DNA. The MIP assay was also able to 
discriminate among three different pathogens, one of which, Fusarium oxysporum f.sp. Lycopersici, 
belonging to the same species of Foc (Fig 4.5). Based on the sequencing data (Fig 4.5b), it can be 
definitively stated that the MIPF0C01 was highly specific in interrogating the target DNA (Foc 
gDNA). This is further confirmed by Fig 4.6, where in the absence of the Foc gDNA, the MIP 
failed to generate PCR amplicons in the presence of Fol gDNA and Bc gDNA. Such level of the 
inherent specificity of MIPs can be attributed to the use of relatively long sequences for target 
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recognition (38 bp) and 48 bp of gap fill-in, but even more important, careful design of the MIP can 
discriminate between almost identical genomes. In this case in silico analysis of the conglutinans 
and lycopersici genomes was performed and MIPFOC01 was designed to target a region present in 
Foc but not in Fol. As long as there is enough sequence information available, the same strategy can 
be used to discriminate between closely related pathogens. 
 
The MIP assay was able to detect the presence of Foc DNA in infected plant tissues from infection 
stage 3 and forward, while stages 1 and 2 remained undetected. Even though this level of sensitivity 
is apparently suboptimal, it is mostly due to a very specific characteristic of the pathogen used in 
this study. In the case of Foc infection of Arabidopsis plants, the appearance of the initial chlorosis 
symptoms in leaves used for the quantification of the disease development in this work is due to the 
obstruction of the vascular system in the lower parts of the stem and actually precedes the invasion 
of the leaves by the fungus.
1,198
 This is a relatively unique characteristic of the infection process 
used by Foc and does not usually happen in diseases caused by other pathogens, where symptom 
development is strongly linked to pathogen abundance in the infected tissue. Pathogen 
quantification by RT-PCR confirmed that the leaves belonging to the infection stages 1 and 2 
contained extremely low amounts of Foc that challenged even the detection limit of the RT-PCR 
(Fig 4.9). Roots are nevertheless heavily infected during stages 1 and 2 infection and an obvious 
question arises as for why do not choose roots as the starting material for the assay. The use of roots 
in this assay was avoided to preclude the possibility of interference from Foc present in the soil 
rather than the plant tissues. Due to the nature of the inoculation method, a large amount of Foc is 
present in the soil and even after extensive washing, contaminating traces of Foc in the root samples 
could lead to false positive results. As mentioned above, in most crop diseases the development of 
symptoms is strongly correlated with the presence of the pathogen and it is therefore expected that 
the MIP assay method will be able to detect the pathogen and the initial stages of disease 
development allowing for an early diagnosis. 
 
4.5 Conclusions 
In conclusion, the MIP technology was presented to detect plant pathogens in infected plants. This 
method can be a reliable alternative to the existing pathogen detection and identification methods 
such as morphological identifications which involves traditional in vitro culturing and isolation 
methods. The important advantage of the MIP technology over other available methods is its innate 
capability for multiplexing using molecular inversion probes as have been previously demonstrated 
in various clinical studies.
109,199-202
 The tailor made backbone of the MIPs provide the opportunity 
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to incorporate barcode sequences unique for each probe that can be coupled to other technologies to 
differentiate thousands of amplifications products in a single step.
203-205
 Therefore this assay has the 
potential to be developed into a comprehensive detection system of thousands of pathogens in a 
single assay, although due to its technical complexity it is unlikely that it will be deployed into a 
portable device. 
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5.1   Introduction 
Agriculture contributes $1500 billion US dollars (USD) to the world economy annually. However, 
an estimated $220 billion USD worth of agricultural products are lost every year due to disease 
outbreaks, especially in developing countries, thus making crop health a critically important issue in 
agricultural based countries.
1
 In the absence of resistant varieties, the ideal management strategy is 
to detect pathogens early to prevent the spread of the disease. Hence, the effectiveness of crop 
disease management is highly dependent on the speed, sensitivity and specificity of the diagnostic 
methods. Although rapid multiplex diagnostic methods are in high demand for agricultural 
applications, multiplex detection is currently challenging due to limitations in assay sensitivity and 
specificity. While numerous diagnostic methods have been evaluated for individual plant disease 
identification,
2
 a rapid and highly specific multiplex detection method has yet to be described. To 
address this, a rapid multiplex point-of-care (POC) diagnostic method for economically important 
pathogens in agriculture was demonstrated for the first time.  
 
Traditional laboratory methods involve time consuming culture steps for pathogen identification by 
experienced plant pathologists.
3
 The advent of antibody-based methods offered multiple advantages 
over traditional techniques but several studies have reported high error rates due to cross 
reactivity.
119
 The limitations of antibody-based methods are further compounded by their short shelf 
life and variable performance between batches.
120
 As such, DNA-based diagnostic methods, with 
potentially better specificity, have therefore been proposed to overcome the limitations of antibody-
based diagnostics.
17,18,121,122
 Polymerase chain reaction (PCR) is the most widely used nucleic acid 
technique for identifying plant pathogens.
39,40
 However, it requires temperature cycling which limits 
its application in the field. Hence to address the limitations of PCR, isothermal amplification 
systems have since been developed.  
 
Recombinase polymerase amplification (RPA)
45
 is an example of an isothermal technique that has 
seen several novel diagnostic applications in recent years.
55,57,102,123,206-208
 RPA, unlike PCR, relies 
on enzymes, at a single low temperature, to separate dsDNA, assist in primer/target recognition and 
primer extension.
45 The advantages of RPA include highly efficient amplification and low constant 
operating temperature,
45
 thus making it a candidate for POC applications. Furthermore, RPA is a 
highly sensitive with a detection limit as low as 6.25 fg of genomic DNA input with 
specificity >95%.
101
 In addition, POC-compatible readouts such as portable fluorometers and 
equipment-free naked eye strategies
55,123
 have also been used with RPA to enable field applications. 
However, these approaches, while useful, may not be suitable for multiplex RPA assays. To date, 
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multiplex RPA strategies are rarely described and typically require complicated chip-based 
assays.
49,209
 Thus, development of novel convenient single-tube multiplex RPA strategies could be 
beneficial to the diagnostic field in general.  
 
Surface-enhanced Raman scattering (SERS) is a technique that can be applied to metal 
nanoparticles surfaces resulting in enhanced Raman scattering patterns characteristic of the 
adsorbed molecules upon a single laser excitation.
210
 When there is an interaction between an 
electromagnetic wave and a metal surface, it generates fields from the surface. The wave may excite 
localized surface plasmons on the surface if the surface is rough and amplify the electromagnetic 
fields near the surface. Therefore, the enhancement of the electromagnetic field intensity may give a 
large enhancement of Raman scattering intensity arises.
211
 SERS is a potentially powerful 
molecular spectroscopy detection tool,
212
 and has been proposed as a highly promising readout 
technology for rapid diagnostic assays.
213-215
 With its narrow and distinct spectral peaks, SERS 
could potentially be better suited than standard fluorescent-based methods for highly multiplexed 
applications.
216-218
 Indeed, SERS particles labelled with various Raman reporters have enabled 
various multiplex detection applications
219
 especially in clinical applications.
220,221
 However, to the 
best of our knowledge, SERS has not been applied to any multiplex RPA applications in agriculture.   
 
Herein, a method which entails a simple sampling protocol, followed by a novel single tube 
multiplexed RPA amplification and SERS detection strategy was demonstrated. The method was 
first tested on model plant systems and finally demonstrated on commercial tomato samples outside 
of a laboratory setting. 
 
5.2   Experimental section 
5.2.1   Pathogen infection  
Arabidopsis thaliana and tomato (Money maker) plants were infected with F. oxysporum f.sp. 
conglutinans,
222
 F. oxysporum f.sp. lycopersici,
222
 P. syringae
139,140
 and B. cinerea
223
 using 
previously published protocols. F. oxysporum was cultured in 200 mL of potato dextrose broth 
(PDB) for 3-4 days at 28 °C and the culture was filtered using 4 layers of Miracloth to separate the 
mycelia and the spores. The elution containing 10
6
 spores per mL was used for inoculation. A. 
thaliana (14 days old) and tomato (6 weeks old) were immersed in water to remove the soil and 
dried them on a tissue paper before immersing them into inoculation solution for 30 s. The 
seedlings were transferred onto soil after the inoculation and grown at 28 °C in short day condition.  
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Pseudomonas syringae pv tomato strain DC3000 was cultured on King’s B plate at room 
temperature for overnight. The culture plate was washed with 10mM MgCl2 to resuspend the 
bacteria and the bacterial suspension was further diluted to 2 to 5 x 10
8
 cfu/mL in 10 mM MgCl2 
with 0.03 % Silwet L-77. The bacterial suspension was then sprayed onto seedling leaves. The 
plants were covered with plastic to maintain high humidity and transferred to 24 °C growth room. 
 
Botrytis cinerea spores suspension was inoculated on PDA plate and cultured for 2 weeks at 22 °C. 
The spores were harvested by washing the PDA plate surface with 0.01 M KH2PO4 (pH 5) to obtain 
5 x 10
4
 spores/mL suspension. The seedlings were sprayed with the suspension and placed in plastic 
trays with high humidity at 22 °C in dark conditions. 
   
5.2.2 Preparation of plant samples 
Pathogen infected Arabidopsis thaliana leaves were sampled at various degrees of symptom 
severity and scored from S1 to S5.
149,224
 Symptom severity was determined according to the 
percentage of observed symptom on infected leaves which were classified as 0 % (S1), 25 % (S2), 
50 % (S3), 75 % (S4) and 100 % (S5). For P. syringae, leaves were collected after 7 days infection. 
For F. oxysporum f. sp. conglutinans and B. cinerea, leaves were collected after 10 days inoculation. 
Tomato leaves were collected after 7 days infection (P. syringae) and 10 days after inoculation (B. 
cinerea and F. oxysporum f.sp. lycopersici).  
 
5.2.3 Nucleic acid extraction 
Total genomic DNA was extracted from A. thaliana and tomato leaves using a DNA extraction 
method described in previous study
55
 using a modified SPRI protocol.
56
 Briefly, single leaf samples 
(~300 mg) was homogenized in 200 mL of lysis buffer (50 mM Tris-HCl pH 8.0, 1.5 M guanidium-
HCl, 2 % w/v PVP40, 1 % v/v Triton-X and 400 ng RNase) followed by 5 min incubation at 60-
65 °C to allow for lysis and for debris to settle to the bottom of the tube. 10 µL of cleared lysate 
was then incubated with 1.8 volumes of 1µm carboxylic acid coated magnetic beads (Thermo 
Fisher) in binding buffer (10 mM Tris-HCl pH 8.0, 20 % PEG8000, 2.5 M NaCl) for 5 min at room 
temperature. The DNA bound beads were then separated using magnetic stand and washed twice 
with 100 % isopropanol, twice with 80% ethanol washes and eluted in 10 µL of water.  
 
5.2.4 Nucleic acid amplification 
The TwistAmp Basic RPA Kit (TwistDX) was used as recommended by the manufacturer with 
some modifications. The RPA reaction was performed in the total volume of 12.5 µL at 37 °C for 
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20 min using 1 μL of extracted nucleic acid and 480 nM of each primer set (Table 5.1). Finally, 2.5 
μl of the RPA reaction was verified by agarose gel electrophoresis.  
 
 
Table 5.1: Oligonucleotides sequences involved in this study.  
 
Target / GenBank 
accession No. 
Oligonucleotides Sequences RPA 
products 
size 
B.cinerea 
AAID02000014.1 
 
Forward primer ACGATGCATG(C3)TTTCCACAGGGTT
TGTGTACGAGATTGGTATTC 
203 bp 
Reverse primer Biotin-
TTCTCCGGTGTCCGTTCGCACTGTAG
ACAATC 
Capture probe GCATGCATCGTTTTTT-SH 
P.syringae 
AE016853.1 
Forward primer TACACAGCAC(C3)TTTGTCCGAAACG
ACGTACAGCCATTTAACCTT  
144 bp 
Reverse primer Biotin-
TTCTACGTCGGGGTATTTACTAGCTG
GAAAAG 
Capture probe GTGCTGTGTATTTTT-SH 
F.oxysporum f.sp. 
conglutinans 
AGNF01000001.1 
Forward primer GCTACACGAT(C3)GCTCTTGATTTAG
GTACAACTCTTTCCCTCGTC 
259 bp 
Reverse primer Biotin-
ATATATCTGTATAGGAATCCCACTG
AATTTTTC 
Capture probe ATCGTGTAGCTTTTT-SH 
F.oxysporum f.sp. 
lycopersici 
AAXH01000654.1 
Forward primer GCTACACGAT(C3)ACTCTACTCCAGA
GTCTTGTTGATAGTAGC 
127 bp 
Reverse primer Biotin-
CCTCATGGGCTGTATACATTTCCCTC
AGGACAG 
Capture probe ATCGTGTAGCTTTTT-SH 
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5.2.5 Preparation of SERS nanotags 
SERS nanotags were prepared according to the previous report.
220
 Gold nanoparticles (AuNPs) 
were synthesized by citrate reduction of HAuCl4.
142
 SERS nanotags were synthesized by the 
coating of Raman reporters and DNA probe on the AuNPs surface. Surface coverage of DNA on 
AuNPs is crucial for the stability of the nanoparticles, which was estimated using a previously 
described method.
225,226
 On average, there were approximately 2235 oligonucleotides strands on 
each AuNP. Briefly, 1 mL AuNPs were mixed with 10 μL of 50 μM TCEP treated thiolated DNA 
oligonucleotides (IDT) at RT for 12 hrs. Then, 100 μL of 1 mM Raman reporters (MBA, MMC and 
TFMBA) were added to the AuNPs and incubated at RT for overnight. Then 0.6 M NaCl in 1 mM 
PBS was used to age the SERS nanotags at RT for 12 hrs before centrifuged and resuspended into 
10 mM PBS solution prior to use on the SERS detection assay. 
 
5.2.6 Surface enhanced Raman scattering (SERS) detection 
A small volume of RPA product (10 µL) was used in the SERS detection by incubating with 5 µL 
of SERS AuNPs for 20 min at 37 °C. The streptavidin magnetic bead (5 µL) was added into the 
mixture and further incubation at room temperature for 10 min. For the single tube approach, 2 µL 
of biotin primer/streptavidin magnetic beads and 0.2 µL of SERS nanotags mixture were included 
in the RPA reaction. After the bead separation with a magnetic stand and 3 washes with 100 µL of 
0.1X PBS/0.01 % Tween20 buffer, 60 µL of 1X PBS was added to the beads and the entire bead 
solution was used for SERS detection on a IM-52 portable Raman microscope (Snowy Range 
Instruments). The average SERS spectra was obtained from ten of 2-second acquisitions using a 
785 nm excitation laser at 70 mW.  
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5.3 Results and discussion 
5.3.1 The multiplex RPA/SERS assay 
The principle of the RPA/SERS assay is illustrated in Fig 5.1.  Briefly, total genomic DNA was first 
extracted from plant tissue using a modified Solid Phase Reversible Immobilization (SPRI) 
method
55
, followed by RPA to amplify unique genomic regions of each pathogen using specific 
primer sets. The primers were designed such that RPA products would contain a biotin handle on 
one end and a 5' overhang sequence of 10 nt on the opposite end, which functions as a barcode for 
hybridizing to SERS nanotags. Each SERS nanotag consisted of Raman reporter molecules, a gold 
nanoparticle core (AuNPs) and DNA capture probes complementary to the barcode sequences of 
the RPA amplicons. After amplification, biotin/RPA/SERS products were captured by streptavidin 
magnetic beads.
227
 Upon laser excitation, specific Raman signals corresponding to the specific plant 
pathogens would be generated. The amplification and hybridization of SERS nanotags were 
eventually optimized to occur simultaneously in a single-tube to enable a faster, simpler assay. In 
this study, three Raman reporters were used in detecting three economically important plant 
pathogens, F. oxysporum, B. cinerea and P. syringae. The molecular structures and SERS spectra of 
the Raman reporters including 4-Mercaptobenzoic acid (MBA), 2,7-mercapto-4-methylcoumarin 
(MMC) and 2,3,5,6-tetrafluoro-4-mercaptobenzoic acid (TFMBA), are clearly shown in Fig 5.2. 
Distinct peaks at 1076 cm
-1
, 1174 cm
-1
 and 1375 cm
-1
 were observed as the characteristic of SERS 
signatures for detecting B. cinerea and P. syringae and F. oxysporum f.sp. conglutinans, 
respectively. DNA oligonucleotide sequences used in this study are provided in Table 5.1. The 
primers were designed based on the unique regions of each pathogen referring to the genome 
sequences from NCBI database (http://www.ncbi.nlm.nih.gov/). 
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Figure 5.1: Schematic illustration of RPA/SERS multiplex assay. (A) Three steps method of 
RPA/SERS which involved RPA and 2 times hybridization steps. (B) Single step method of 
RPA/SERS which performed RPA and hybridization in a single tube. 
 
 
 
 
 
 
Figure 5.2: SERS signatures of 2,3,5,6-tetrafluoro-4-mercaptobenzoic acid (TFMBA), 2,7-
mercapto-4-methylcoumarin (MMC), 4-Mercaptobenzoic acid (MBA), and  their corresponding 
molecular structures. 
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5.3.2 Specific detection of plant pathogens 
Specific multiplex detection of plant pathogens is essential for identifying plant diseases and for 
prescribing suitable management strategies. Amplification specificity was first tested and verified 
using agarose gel electrophoresis (Fig 5.3) to demonstrate the specificity of RPA to the specific 
target. As indicated, the designed primer can specifically amplify the target DNA with negligible 
background. Next, to evaluate the specificity of the three SERS nanotags, individual pathogen-
specific SERS nanotags were challenged with either the cognate or non-cognate RPA products (Fig 
5.4). As expected, each assay was highly specific for their respective individual pathogens (Fig 5.4 
A-F). Typically, SERS spectra in Fig 5.4 A-B showed that the B. cinerea-specific SERS nanotags 
were able to detect RPA products from B. cinerea samples but not P. syringae or F. oxysporum. 
Likewise, similar trends were seen in the P. syringae-specific (Fig 5.4 C-D) and F. oxysporum-
specific assays (Fig 5.4 E-F). Furthermore, to demonstrate the multiplexing potential of this method, 
the assay was applied to all possible pathogen combinations (Fig 5.4 G-H). As only the pathogen-
specific SERS peaks were observed, we concluded that the multiplex RPA/SERS assay was indeed 
specific and thus a viable system for multiplex plant pathogen detection.  
 
 
 
Figure 5.3: Specificity of the primers in RPA amplification. Bot: B.cinerea; Psy: P.syringae; Foc: 
F.oxysporum f.sp. conglutinans; NTC: No template control. 
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Figure 5.4: Specificity test of the SERS nanotags on three pathogens. (A), (C) and (E): SERS 
spectra from RPA products of pathogen individually using SERS nanotags labelled by MBA, MMC 
and TFMBA. (B), (D) and (F): Corresponding target response derived from SERS peaks in (A), (C) 
and (E). Error bars represent ±SD, n = 3. (G): Electrophoresis agarose gel image of multiplex RPA 
by combining 3 sets of primers. (H): Multiplex SERS detection with the combination of three SERS 
nanotags. 
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5.3.3 Sensitivity of RPA/SERS assay 
Highly sensitive assays are essential for early disease detection. To evaluate the performance of this 
proposed assay, the sensitivity of RPA with PCR (Fig 5.5) was compared using identical B. cinerea 
genomic DNA and primers amounts. The DNA copy number was estimated based on relationship 
between DNA mass and the genome size of B. cinerea (~39Mb).
228
 It was found that RPA (2.32 x 
10
2
 copies) was 100 times more sensitive than PCR (2.32 x 10
4
 copies) based on agarose gel 
electrophoresis. The sensitivity was further enhanced down to 2.32 copies when the RPA 
amplification was coupled to SERS nanotags (Fig 5.5B and C). It demonstrated the RPA is an 
alternative amplification system to PCR due to its better suitability for on-site applications and 
potentially improved analytical performance. Additionally, the sensitivity of the SERS readout was 
also tested and found that as little as 1.9 fmol of RPA products could be detected over the no input 
control (t-test p < 0.05, Fig 5.6). Therefore, considering the data, an RPA/SERS approach is 10
4
 
times more sensitive than conventional PCR/gel electrophoresis as a DNA detection platform, 
making it better suited for POC diagnostics. 
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Figure 5.5: Sensitivity study of the assay.  (A) Electrophoresis agarose gel image for the sensitivity 
comparison between RPA and PCR over a range of gDNA inputs. (B) SERS spectral signals of 
RPA amplicion over a range of gDNA inputs. (C) Corresponding concentration-dependent response 
derived from SERS peaks in (b). Error bars represent ±SD, n=3 with RSD of 5.25%, n=7. 
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Figure 5.6: Sensitivity of SERS nanotags in detection of RPA amplicons. RPA amplicons were 
titrated over a range of concentration (A) and SERS signals were measured for each concentration 
(B-D). As little as 1.9 fmol of RPA amplicons could be detection with SERS. 
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5.3.4 Early detection of pathogen infections in plants 
To demonstrate the suitability of the method for the detection of plant pathogens in infected plant 
samples, A. thaliana plants were inoculated with the three chosen pathogens and the infected leaves 
were collected at different degrees of infection (S1 – S5) based on symptom development.112,149 As 
indicated in Fig 5.7, with this approach, P. syringae was successfully detected in infected A. 
thaliana plants at very early infection stage (S1) before any noticeable symptoms were apparent 
(Fig 5.7B). In A. thaliana infected with B. cinerea (Fig 5.7A) and F. oxysporum f.sp. conglutinans 
(Fig 5.7C), the assay was able to diagnose diseased plants from Stage 2 infection just as symptoms 
became noticeable although the sensitivity studies showed that the assay was able to detect as low 
as 2 genomic copies of pure pathogen DNA (Fig 5.6). This might be due to the extracted DNA 
containing the mixture of plant DNA and pathogen DNA which could slightly interfere with the 
dynamic range of the assay. 
 
To demonstrate the multiplex capability of this RPA/SERS assay, three S3 infected leaves from 
individually inoculated plants were pooled together and tested. As expected, three signature SERS 
peaks representing the three pathogens were observed and validated by the agarose gel 
electrophoresis (Fig 5.7D). In contrast, no SERS signal was observed in healthy samples and no 
template controls, further demonstrating the high specificity of the developed assay for multiple 
plant pathogens detection.  
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Figure 5.7: Performance of SERS detection at three plant pathogens in Arabidopsis thaliana. (A) 
Botrytis cinerea, (B) Pseudomonas syringae, (C) F.oxysporum f.sp. conglutinans. Top row: 
photographs of leaves at various symptoms after infection from S1 to S5. H: healthy sample. +ve: 
positive control. NTC: no template control. Second row: agarose gel electrophoresis images of 
corresponding RPA reactions performed on the same leaf. Third row: SERS detection assay 
corresponding to the RPA reactions. Forth row: Target response derived from signature SERS 
peaks. Error bar represent ±SD, n=3. (D) Combined triple infection. Electrophoresis gel image of 
multiplex RPA reactions and SERS spectral corresponding to the RPA reactions. 
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5.3.5 Detecting disease in commercial crops 
The model plant A. thaliana has a number of advantages that makes it ideally suited for research 
and development of new technologies such as the one described in this work. Nevertheless, it is 
essential to demonstrate the robustness and efficiency of the method on important commercial crops 
such as tomato. Consequently, the assays were performed on tomato plants infected with B. cinerea, 
P. syringae and F. oxysporum f.sp. lycopersici (Fig 5.8). Tomato plants were inoculated with each 
of the pathogens and leaves with disease symptoms were harvested (Fig 5.8A). Both SERS and 
agarose gel electrophoresis results indicated the specificity of the assay to detect the respective 
pathogens with SERS peaks at 1076cm
-1
, 1174cm
-1
 and 1375cm
-1
 obtained from tomato samples 
infected with B. cinerea, P. syringae and F. oxysporum, respectively (Fig 5.8B-C). Furthermore, the 
capability of multiplexing was demonstrated once again by combining three infected tomato leaves 
(Fig 5.8B-C). Taken together, the data supports the applicability of this RPA/SERS strategy for 
multiplexed pathogen detection in commercial crops like tomato. 
 
Figure 5.8: Multiplex SERS detection on three pathogens on infected tomato leaves. (A) 
Photographs of healthy and infected tomato leaves with disease symptoms. (B) Electrophoresis gel 
image of RPA products. (C) SERS detection on individual infected tomato leaves and combined 
three infected leaves for multiplex detection. 
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5.3.6 Field application and development of a single tube RPA/SERS assay 
Ideally, diagnostic methods should be able to be performed in the field without the need for a 
laboratory environment. To demonstrate the POC capability of this method, the assays were 
performed outside the laboratory and further simplified this diagnostic assay to allow for a more 
practical field-ready application. To this end, the amplification, hybridization of SERS nanotags and 
amplicon capture into a single tube reaction were condensed into a single tube reaction (Fig 5.1B). 
This improvement also reduced assay time by half while maintaining assay performance (Fig 5.9). 
As RPA uses recombinase enzymes to assist primers/target recognition,
229,230
 the same mechanism 
was believed likely promoted the specific hybridization of the SERS nanotags to the barcode 
sequences of amplicons. With the help of a portable Raman spectrometer, the improved assay was 
successfully performed in a garden adjacent to the laboratory to detect single diseased sample (B. 
cinerea infected tomato plants, Fig 5.10) to demonstrate a potential field application. Prior to RPA, 
the reaction tube initially contained all three SERS nanotags designed to detect each of the three 
pathogens (indicated by the 3 signature spectral peaks at 1076 cm
-1
, 1174 cm
-1
 and 1375 cm
-1
, Fig 
5.11A). As expected, after RPA and a quick wash to remove unreacted nanotags, only one SERS 
peak at 1076 cm
-1
 was observed indicating the accurate on-site diagnosis of the B. cinerea infected 
tomato leaf within 40 min. In comparison, only a very low background signal was generated from a 
healthy sample (Fig 5.11B), which further underscored the high specificity of the single tube assay.   
 
Figure 5.9: Performance of SERS detection on B.cinerea gDNA sample using the single-tube 
method.   
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Figure 5.10: Procedures of plant pathogen detection in the garden from DNA extraction to 
detection. (A): Setting up the experimental platform. (B): Placed a small tomato leaf (5mm x 5mm) 
into the DNA extraction buffer. (C): The leaf was homogenized in the buffer using disposable 
pestle. (D): The mixture was incubated at 60-65°C for 5min. (E): 10 µL of the lysate was added into 
the RPA reaction. (F): Streptavidin magnetic beads and three SERS nanotags were added into the 
RPA reaction. (G): The RPA mixtures were incubated at 37°C for 15min using a homemade 
portable isothermal device. (H): The RPA reaction was washed 3x with 1mM PBS/0.01% Tween20 
buffer. (I): The streptavidin magnetic beads were resuspended in 10mM PBS buffer and ready for 
SERS analysis.  
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Figure 5.11: SERS spectral signal from the SERS detection of B. cinerea in tomato plant in the 
garden. (A): SERS spectra of the mixture of three SERS nanotags used in the garden experiment. 
(B): SERS spectra obtained from B. cinerea infected tomato sample and healthy sample after the 
RPA reaction in the garden. 
 
 
Although several multiplex detection methods have been developed for plant pathogen 
identification (Table 5.2), in comparison with the published methods,
38,87,107,108,112,193
 this approach 
is the fastest, yet has minimal cross reactivity and has comparable sensitivity to multiplex real-time 
PCR on the OpenArray
TM
 platform. In addition, this approach is, to the best of our knowledge, the 
first multiplex detection method using RPA and SERS that has been successfully demonstrated 
outside of a laboratory setting for plant pathogens detection, underscoring its potential field 
application. Whilst the assay was simplified into a single tube reaction, a limitation of this method 
in its current form is the need for some simple sample manipulation. Nonetheless, with advances in 
engineering, we foresee the development of an integrated protocol which further minimizes 
pipetting steps and thus enable a simpler user friendly method. 
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Table 5.2: Comparison of RPA/SERS technology with other multiplex detection methods 
Technology Total assay time Sensitivity Cross 
reactivity 
Tested outside 
of laboratory 
RPA/SERS 40 min 2.32 x 10
3
 CN X √ 
Multiplex real-
time PCR
38
 
80 min 10
-5 – 10-4 ng/µL X X 
Real-time PCR on 
OpenArrays
107
 
75 min 10
3
 – 104 CN X X 
Microsphere 
immunoassay 
technology
108
 
120 min 3 x 10
5
 cfu/mL √ X 
Padlock probe
193
 >5 hrs 0.01 pg √ X 
PLP/DNA 
microarrays
87
 
>15 hrs 5 pg X X 
Molecular 
inversion probe
112
  
>20 hrs 2.5 ng X X 
 
 
5.4 Conclusions 
In summary, a multiplex diagnostic platform for POC plant pathogen detection was developed 
using a synergistic combination of SERS and RPA. This method was applied to the detection of 
three economically important plant pathogens in A. thaliana and tomato. The assay was 
subsequently simplified into a single tube assay and tested outside of a laboratory setting to identify 
a specific pathogen in tomato plants. From sampling to results, the assay required only 40 min. In 
the near future, this SERS/RPA assay could have wide applications as a platform for POC multiplex 
nucleic acid diagnostics in both agriculture and medical applications. 
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6.1  General conclusion 
One of the major goals of this thesis was to design robust diagnostic assays for POC testing that 
could be employed in the field to identify crop diseases. Farmers in resource-poor countries when 
confronted with a disease in their fields, lack technical knowledge and have virtually no access to 
government support in terms of technical expertise to deploy disease management strategies. The 
first and critical step towards devising any management strategy is to identify the disease as fast as 
possible, ideally on-field, without transporting samples to specialized laboratories and thus avoiding 
delayed interventions. In real field situations, the harsh environmental conditions (e.g. extreme 
temperatures, humidity, rain, wind, dust) are not ideal for any laboratory equipment; not to mention 
the lack of power supply.  
 
To address the problem, this project has successfully developed diagnostics methods for POC 
testing and multiplex plant pathogen detection. The technologies developed include 1) An 
optimized DNA extraction method for POC purposes; 2) isothermal nucleic acid amplification for 
on-site application; 3) DNA biosensor for rapid plant pathogen detection; 4) novel naked-eye assay 
for DNA detection; 5) high capability multiplex detection method; and 6) field ready multiplex 
detection method. Summary of the four diagnostic methods was shown in Table 6.1. 
 
One of the major contributions of this research towards POC diagnostic assay development for 
plant pathogens detection has been the establishment of a DNA/RNA extraction method which 
requires minimum equipment and is simple enough to be performed outside of a laboratory setting. 
In this study, a low cost DNA/RNA purification process was developed using common filtered 
pipette tips in conjunction with Solid Phase Reversible Immobilization (SPRI) technology to 
simultaneously extract and purify DNA/RNA to a precise concentration which can be directly used 
for isothermal amplification (Chapter 3). Magnetic SPRI bead-based extraction is ideal for POC 
applications because only a magnet is required and the maximum amount of purified nucleic acids 
is determined by the amount of SPRI beads used. This rapid and simple DNA/RNA extraction 
method was believed to significantly increase the application of nucleic acid based diagnostic 
methods in the field.   
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Table 6.1:  Comparison of four developed diagnostic methods.  
Name of 
diagnostic 
method 
Time of assay Sensitivity Advantages Disadvantages 
RPA-EC 
(Chapter 2) 
~ 180 min 15 DNA 
copy number 
-  High specificity 
-  Low cost  
-  Portable 
-  Quantitative assay 
 
-  Singleplex assay  
-  Require skilled 
labor  
-  Variation between 
different batches of 
electrodes 
-   
Bridging 
flocculation 
assay 
(Chapter 3) 
~ 90 min NIL  
 
-  Low cost 
-  Operate at low 
constant temperature 
-  Minimal equipment 
-  Simple steps 
-  Rapid 
-  Point-of-care 
detection 
-  Qualitative assay 
-  Singleplex assay 
 
MIP 
(Chapter 4) 
~ 20 hrs 2.5 ng  
(3.86 x 10
4
 
DNA copy 
number) 
-  Highly multiplexable 
-  High specificity 
-  Time consuming 
-   Laboratory based 
assay 
 
RPA-SERS 
(Chapter 5) 
~ 40 min 2.32 DNA 
copy number 
-  High sensitivity 
-  Multiplex assay 
-  Rapid 
-  Portable 
-  Point-of-care 
detection 
-  Quantitative assay 
-  Expensive SERS 
reader 
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In Chapters 2 and 3 the potential of RPA for sensitive and rapid isothermal nucleic acid 
amplification in plant pathogens detection was explored. RPA has many advantages which make it 
suitable for POC applications including low incubation temperature (37 °C – 42 °C), rapid 
amplification, PCR-like sensitivity and the freeze-dried pellet format which may be useful for 
applications in geographically remote areas as it does not need refrigeration. To this end, the 
suitability of RPA assays for rapid (20 min) and sensitive detection of plant pathogen DNA at the 
early infection stage was demonstrated successfully. 
 
The combination of the rapid DNA extraction method and RPA to amplify the target sequences 
provides a good starting platform for POC assays but readout methods for the detection of the 
amplified DNA usually require relatively complex equipment. To address this point, an 
electrochemical DNA biosensor for plant pathogen detection was developed in this study (Chapter 
2). Electrochemical DNA biosensors offer high sensitivity, rapid analysis and portability at 
potentially lower cost than traditional technologies. This method successfully detected 
Pseudomonas syringae genomic DNA with high sensitivity and reproducibility in infected plant 
samples, highlighting the potential of the assays for point of care applications. 
 
To further simplify the readout method, a novel method was developed to quickly and 
inexpensively visualize amplified disease-specific DNA/RNA with minimal equipment via bridging 
flocculation using SPRI beads (Chapter 3). This bridging flocculation assay is a naked eye 
qualitative method for the detection of long DNA molecules and therefore does not pose 
interference from the primers used in the amplification reaction. As the distinction between 
diseased and healthy samples is binary, a readout method mirroring a digital yes/no result may be 
useful. This assay was first applied successfully to the detection of economically important plant 
pathogens and then extended to detect a suite of pathogens in a variety of sources. Considering the 
wide range of pathogens and samples demonstrated in this study, the assay was believed to have the 
potential for on-site, low resource applications. 
 
Multiplex detection of plant pathogens was another focus for this study, although its use in POC 
applications is still out of our technological reach. A novel molecular inversion probe (MIP) assay 
was successfully developed that can be potentially developed into a robust multiplex platform to 
detect and identify plant pathogens simultaneously (Chapter 4). As proof of concept, a MIP was 
designed for F. oxysporum f.sp. conglutinans and it successfully detected as low as 2.5 ng of 
pathogen DNA with high specificity. This method can be a reliable alternative to the existing 
Chapter 6: General conclusions and future work  
 
96 
 
pathogen detection and identification methods and the most important advantage of the MIP 
technology over other available methods is its innate capability for multiplexing using molecular 
inversion probes.  
 
There are several limitations of MIP assays such as the requirement for several temperature settings 
throughout the assay and laborious process that makes them unsuitable for POC testing. Besides, 
the assays are time consuming taking more than 10 hrs to complete a reaction, making them only 
suitable for applications in the laboratory. Therefore, another multiplex detection method which has 
more potential for POC testing was developed. The newly developed technology with the 
combination of RPA and SERS has met the requirements of POC testing (Chapter 5). It is a rapid, 
highly specific and sensitive POC method for multiplex detection of plant pathogens. This 
technology was successfully tested in the multiplex detection of B. cinerea, P. syringae and F. 
oxysporum in A. thaliana and tomato. The original method was further modified into a rapid single-
tube RPA/SERS assay and successfully performed assays outside of a laboratory setting to prove 
the potential for on-site field applications. 
 
In summary, this thesis developed two diagnostic methods for highly sensitive and specific 
singleplex detections (RPA/electrochemistry) as well as naked eye assay (bridging flocculation 
assay) for resource poor settings. In order to achieve the multiplex detections strategy, two 
simultaneous multiplex detection technologies have been developed for high multiplex capability 
application (MIP assay) and rapid, specific assay for POC testing (RPA/SERS). The newly 
developed technologies were believed to bring significant improvements to plant disease 
management in the future.  
 
6.2  Future work 
There are still limitations of the methods in this study for POC application since they still 
encompass some sample manipulation, especially the pipetting steps that need to be performed 
using small volumes (1 – 30 µL). Further improvement of the technologies in the future should 
include the design of self-contained single use devices that would not require any pipetting and 
reduce the risk of sample contamination and therefore false positives.  
 
Although the technologies have been used to detect pathogens in plant samples (A. thaliana and 
tomato), they have not yet been tested in real field samples to identify crop diseases. Bringing the 
developed technologies to commercial use will need collaboration between scientists, 
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manufacturers, government and end users. A good starting point to implement the technologies into 
a real scenario could be their use by enforcement bodies such as quarantine departments to monitor 
import/export operations or in border crossing. An effective disease management strategy is to 
firstly identify the disease and the potential impact of the disease before considering any suitable 
treatment to prevent the spreading of the disease and to safe the neighboring farms. Therefore, a 
specific and sensitive diagnostic method is essential in identifying the plant pathogens. However, 
the implementation of the new diagnostic methods is closely related to the national, state, local, 
industry and enterprise policies. Promotion of the new diagnostic methods can be organized 
concurrently with plant disease conferences or seminars to introduce the new methods to the public. 
Skill training should be given to the interested end users and the enforcement bodies are ready to 
help the farmers in troubleshooting when there are technically related problems during the pathogen 
identification process. Farmers are also well educated by the enforcement bodies to understand and 
apply the suitable disease treatments to control the disease outbreak. To the purpose of improving 
the diagnostic methods, it will also be crucial to obtain feedback from the end users for further 
improvement.      
 
Development of miniature portable devices (MPDs) allowing to perform the entire process, from 
sampling to detection is another avenue that needs attention. MPDs can significantly reduce the 
contamination rate caused by human error and it is cost effective since they reduce the volumes of 
reagents and enzymes used during the DNA amplification and amplicons analysis processes. In 
addition, pre-stored reagents in the device may reduce the pipetting steps during the sample 
preparation which is an important issue for a POC diagnostic method. By combining the miniature 
portable device with electronic components might further improve the technology to achieve fully 
automatic electronic device and further simply the detection process. 
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